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PREFACE 


The subject of this dissertation was suggested by Dr. C. E. 
Ferree, sometime Professor of Experimental Psychology at Bryn 
Mawr College, now Director of the Research Laboratory of 
Physiological Optics of the Wilmer Ophthalmological Institute, 
Johns Hopkins University Medical School. The dissertation was 
prepared under his direction. The writer wishes to acknowledge 
her indebtedness to Dr. Ferree for the suggestion of the problem 
and to both Dr. Ferree and Dr. Rand for the time and effort 
which they have given to supervision of the work on the disser- 
tation. She wishes also to express her appreciation to Dr. Rand 
for her many valuable suggestions with reference to the experi- 
mental method and for her kindness in making all the energy 
measurements required and in determining the peripheral refrac- 
tion of the eye used in the investigation. Acknowledgment is 
also made to Dr. Alfred Cowan for his assistance in the ophthal- 
moscopic examination and photography of the retina. 
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[. INTRODUCTION 


The sensitivity of the retina to color, both central and periph- 
eral, has been a subject of continual interest during the past 
century, not only in relation to theoretical problems of physiology 
and psychology, but also in connection with the whole field and 
program of testing the visual response. It is the latter connection 
which is of particular interest and importance at the present time. 
Disturbances of the visual functions, particularly of the light and 
color sense of the peripheral retina, bear a close relationship to 
serious affections not only of the eye, but of the entire optic 
system: nerve, chiasm, optic tract and radiations, and visual 
centers; and of those portions of the brain adjacent to these 
structures. These disturbances are of particular significance in the 
field of medicine, since functional disturbances, as a rule, precede 
detectable structural changes in the fundus, while pathologic con- 
ditions back of the globe of a kind or magnitude which produce 
no objective changes in the fundus may be detected, very often at 
an early stage, through variations in the visual response. 

The visual response is subject to the influence of many factors. 
Some of these are amenable to experimental control, others must 
be dealt with by statistical procedure. To the former class belong 
the factors which cause variability of result in a given eye; to the 
latter those which cause results to differ from eye to eye. In 
addition there is an inherent selectiveness of reaction to the 
influence of any factor. The failure to control the influence of 
variable factors and the lack of knowledge of the inherent selec- 
tiveness of response to any given factor when varied under 
control have led not only to erratic results but to incorrect in- 
terpretations and conclusions with regard to the results which 
have been obtained. The important practices of perimetry and 
scotometry have been for many years all but abandoned in spite 
of their acknowledged value for the detection of the presence and 
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2 HAZEL AUSTIN WENTWORTH 


in the study of the progress of pathological conditions, because 
of the great difficulty encountered in obtaining reliable results 
and the confusion that has arisen in the interpretation of these 
results. It has become highly important, therefore, that detailed 
studies be made not only of the factors which influence the visual 
response but of the characteristics and peculiarities of this re- 
sponse under precise conditions of control if a sound basis is to 
be laid upon which to build explanatory theories, and if the true 
significance of the determinations of the sensitivity of the retina 
to light and color in relation to pathological conditions of the eye 
and the brain is to be discovered and reproducible results obtained. 
This knowledge of characteristics and controls is needed also in 
adapting light to the best service of the eye in problems of 
illumination ; in the correct use of the eye in the various scientific 
and technical ways in which it is employed; in rating light intensi- 
ties in photometry, in colorimetry, etc.; in tests for vocational 
fitness ; and in many other practical applications of physiological 
optics. 

A great deal of work along these lines has been conducted in 
the laboratory of psychology at Bryn Mawr College. The pro- 
gram of work has included (a) a detailed study of the factors 
which influence the various types of visual response; (b) the 
devising of methods and apparatus for controlling and standard- 
izing the influence of these factors and for testing and rating the 
response in terms which are numerically comparable; and (c) a 
study of the responses in all parts of the retina and the extension 
of the methods devised and the knowledge obtained to the various 
fields of applied physiological optics. 

The present study is a continuation and extension of an investi- 
gation begun by Ferree and Rand in 1915.(1) The purpose of 
their investigation was a minute study of the chromatic sensitivity 
of the retina from center to periphery in a number of meridians 
sufficiently great to provide a comprehensive and representative 
knowledge of the irregularities and characteristics of the dis- 
tribution of sensitivity in the visual field. The work was inter- 
rupted, however, when the survey had been made only in the 






































ACHROMATIC AND CHROMATIC SENSITIVITY 3 


temporal and nasal quadrants of the horizontal meridian’ under 
light adaptation. In the present study the survey of the distribu- 
tion of chromatic sensitivity under light adaptation has been 
completed and, in addition, a study has been made under dark 
adaptation of both the chromatic and achromatic sensitivity of 
the retina, and of the photochromatic interval, at near-lying 
points from center to periphery in a number of meridians. 

The study of sensitivity has been made by the threshold 
method. Spectrum lights have been used and the intensity of the 
light required just to arouse the chromatic and achromatic sensa- 
tion has been measured in energy terms. The results obtained 
have thus been made as nearly as possible quantitative and abso- 
lute. The value of the photochromatic interval at the various 
points under investigation has also been expressed in energy terms. 


1In the use of the term quadrant of the meridian or meridional quadrant 
instead of meridian in this and the following sections, the writer is following 
a recommendation made by Ferree, Rand and Monroe (Studies in Perimetry: 
2, Preliminary work on a diagnostic scale for the color fields. Amer. J. 
Ophth., 1929, 12, 269-285; Studies in Perimetry: 3, Errors of refraction, 
age and sex in relation to size of form field, Amer. J. Ophth., 12, 659-664; 
Errors of refraction, age and sex in relation to the size of the form field and 
preliminary data for a diagnostic scale, Bull. of the Johns Hopkins Hospital, 
1929, 45, 295-314). In support of the need for a change in terminology, they 
say: “As in former papers, the term meridian is used here for the quadrant of 
the meridian. While it is not necessary in refraction to treat of the two anterior 
quadrants of the meridian separately, there is need for the separate treatment 
in perimetry. 

“ Since the situation and needs in perimetry and refraction are so different, 
there seems intrinsically to be no good reason why the same designation should 
be used in the two cases. It might be advisable and convenient in perimetry 
to adopt the term quadrant and to number the quadrants for the right eye 
counterclockwise from 0, right horizontal, to but not including 360 degrees; 
and for the left eye clockwise from 0, left horizontal, to but not including 
360 degrees. By this method the quadrant designations would correspond 
throughout for the two eyes, i.c., 45 degrees would represent upper temporal, 
135 degrees upper nasal, and so on, for both eyes; but two sets of maps would 
be required, one for the right eye and one for the left. Similarly two con- 
centric sets of graduations would be needed on the dial of the perimeter, one 
numbered clockwise for the right eye, the other counterclockwise for the 
left eye.” 

The writer wishes to point out, however, that the term quadrant has become 
so firmly intrenched in the perimetric literature as referring solely to the 
field quadrant, i.e., to a quarter section of the entire field, that confusion will 
inevitably result unless a very clear differentiation is made between the 
meridional and the field quadrants. 
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4 HAZEL AUSTIN WENTWORTH 


Although the main purpose of the study has been to give a 
picture of the actual distribution of sensitivities that is found at 
points selected as representative of the entire surface of the 
retina, the investigation has an additional value in serving to 
clear up certain misconceptions that have been held as to the color 
sensitivity of the peripheral retina. These misconceptions have 
had an important bearing on the formulation of certain types of 
color theory and on the clinical applications of the study of 
sensitivity. 

In relation to those misconceptions which have had an impor- 
tant bearing on color theory, the investigation is chiefly of value 
in corroborating the findings of Ferree and Rand, and in con- 
firming the inferences as to the distribution of sensitivity over 
the entire surface of the retina which they have drawn from their 
less extensive investigation. The relation of their work to color 
theory was published in 1919 (2) and need not be summarized 
here. 

The clinical application of the study of sensitivity may for con- 
venience of treatment be divided into two classes; the study of 
central sensitivity and the study of paracentral and peripheral 
sensitivity. The advantages of the study of central sensitivity 
may be summarized as follows: 

(a) From the standpoint of experimental controls and varia- 
tion and of measurement, the test of central sensitivity is easier 
to make. Also the conditions are more favorable from the stand- 
point of the judgment and responses of the observer. - 

(b) The ocular functions are more highly developed, more 
numerous, and in general more sensitive to pathological disturb- 
ances in the central than in the peripheral portions of the retina. 
There is, for example, a wide range of response for the light and 
color sense, for acuity, and for all the subsidiary functions in the 
central portions of the retina. These shade off to zero at the 
periphery. There is also a wider range and slower progress of 
adaptation at the center. In the periphery adaptation is of a very 
limited range, 1.e., the peripheral retina is in a permanent state 
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of partial dark adaptation. Adaptation is a very important and 
prominent function from the standpoint of diagnosis. 

There are, however, important needs for testing in the para- 
central and peripheral field. Among these may be mentioned 
the regional disturbances that characterize many of the ocular 
diseases. These diseases produce functional changes in the para- 
central and peripheral portions of the retina alone or at least 
more changes there than in the central retina. Examples of these 
diseases are glaucoma; the ocular disturbances due to diseases 
of the sinus; papillitis and choked disc; optic neuritis and lesions 
along the optic nerve, chiasm, optic tract, the optic radiations 
and at the visual centers. 

The study of paracentral and peripheral sensitivity by the 
threshold method may be conducted in three ways: (a) certain 
parts of the retina may be selected and the intensity varied until 
the threshold is reached; (b) a fixed intensity of stimulus may be 
used and a search made in the various meridional quadrants until 
a point is found in the field at which the stimulus is of threshold 
intensity; and (c) the field may be explored under fixed condi- 
tions of intensity and size of stimulus and relation to background 
for patches or areas showing sufficiently low sensitivity to be 
classed as pathological. The second of these methods is commonly 
known as perimetry, the third as scotometry. Because of the 
quickness and conveniencé of making the determinations, clinical 
studies have thus far been confined to these two methods. 

If perimetry and scotometry are to be made of positive service 
in clinical work it is obvious that the following conditions must 
be satisfied: (a) means must be devised for obtaining reproduci- 
ble results, i1.e., the variable factors which influence the results 
must be known and methods and instruments devised for their 
accurate control; (b) the range of variation which is apt to be 
found for non-pathological eyes under the best possible conditions 
of control must be determined; and (c) the misconceptions which 
are at present entertained must be corrected. The bearing of 
the present study is chiefly upon the first and third of these items. 
The construction of diagnostic scales or distribution curves to 
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6 HAZEL AUSTIN WENTWORTH 


serve as standards of reference in diagnosis and other forms of 
classification must be reserved for future work.’ 

At this point it will be sufficient to note some of the misconcep- 
tions that have been held with regard to the results that have 
been obtained by perimetry and to point out the bearing of the 
results obtained in our study on the problems presented by clinic 
perimetry. 

(1) Certain changes in size, shape and order of ranking as to 
breadth of the color fields are generally considered to have path- 
ological significance. According to the accepted clinic rating, 
for example, the normal color fields have concentric limits in 
order from widest to narrowest of blue, red and green. By many 
clinicians any change in this order of ranking, e.g., an interlacing 
of limits or a complete reversal of order of ranking, is thought 
to have a pathological etiology. The results presented in this 
paper and, less extensively, those obtained by Ferree and Rand, 
show the following points: 

(a) The peripheral retina is not blind to color. There are 
not fixed limits to the color fields which are changed only by 
pathology. By playing on the factors which influence the 
response of the retina to color, the apparent breadth of the fields 
may be made to vary from a few degrees to the breadth of the 
form field. 

(b) The sensitivity to a given color falls off very irregularly 
in the various meridional quadrants from center to periphery of 
the retina. Any condition or factor, therefore, which changes the 
size of the non-pathological field may be expected also to change 
its shape. 

(c) The ratio of sensitivity between any two colors varies 
greatly and irregularly from the center to the periphery of the 
retina in any given meridian. In passing from center to periphery 
at least one reversal of ratio may be expected for red, blue and 

1 See C. E. Ferree, Rand, G., and Monroe, M. M., Studies in Perimetry, I, 
Preliminary Work on a diagnostic scale for the form field. Amer. J. Ophth., 
1926, 9, 95-104; Studies in Perimetry, 2, Preliminary work on a diagnostic 
scale for the color fields, Amer. J. Ophth., 1929, 12, 269-285; Errors of re- 


fraction, age and sex in relation to the size of the form field and preliminary. 
data for a diagnostic scale. Bull. of the Johns Hopkins Hospital, 1929. 
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yellow. A normal corollary to extensive changes in size of field 
is, therefore, a reversal of order of ranking as to breadth. In 
the mid-region of the retina the reversals of ratio occur nearer 
the center in some meridional quadrants than in others. An inter- 
lacing of limits, therefore, characterizes these portions of the 
field. Changes in size, shape and order of ranking as to breadth 
of field, and an interlacing of limits may result, thus, from 
changes in the conditions under which the fields are taken. 

(2) The presence of small patches or areas of insensitivity are 
usually considered to be of pathological origin. These are called 
scotomata and are classed as relative or absolute, depending upon 
the degree of insensitivity. An inspection of the sensitivity curves 
presented in this paper reveals, in places, dips which may be mis- 
taken for relative scotomata. Small patches of absolute insensi- 
tivity to color are also frequently found in eyes which from all 
other recorded evidence are classed as non-pathological. 

(3) The intensities of pigment stimuli commonly used in 
clinic practice are low as compared with those which may be 
obtained with spectrum light with the kind of apparatus used in 
this study. With the use of these weaker stimuli alone an ex- 
amination cannot be made of the sensitivity of all parts of the 
retina. In this study we are able to obtain a comparison of the 
intensity of these stimuli with that required to arouse the chro- 
matic response in the various parts of the retina and so to evaluate 
their usefulness for diagnostic testing. 

(4) Dark-room perimetry with luminous test-objects has been 
suggested and strongly advocated at times as a substitute for 
light-room perimetry. The results obtained in this study show 
that adaptation is a very important factor in perimetry. Perim- 
etry under dark and under light adaptation are very different 
subjects. It may be that the two conditions can be used to advan- 
tage in a supplementary capacity, but they cannot be used inter- 
changeably. Dark-room perimetry may prove of distinct value 
as a special test. It has been claimed, for example, to be of par- 
ticular service in the early detection of detachments of the retina. 
Not only is the eye a different organ under light and dark adap- 
tation, but the process of adaptation is itself one of the most 
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8 HAZEL AUSTIN WENTWORTH 


delicate of the ocular functions and one liable to early and im- 
portant changes as the result of pathology. We hope that the 
present investigation will lead to the further study of this process 
both as a factor and as a function in relation to the practical needs 
of the care and treatment of the eye. 

A great deal must be known before knowledge can be made 
really useful. This is particularly true of the subjective methods 
of examination. They have many advantages, however, over the 
objective methods. Among these the following may be men- 
tioned: 

(1) As arule, or in the greater number of cases at least, in 
the development of pathological conditions functional disturbances 
precede detectable structural changes in the fundus. An earlier 
diagnosis is thus rendered probable by the subjective method of 
examination. The hope of successful treatment rests upon an 
early diagnosis. 

(2) A more minute search can be made by the subjective than 
by the objective methods of examination. It is obvious that the 
minuteness of examination by the subjective methods is limited 
only by the threshold of space discrimination. 

(3) Pathological disturbances posterior to the fundus of a 
kind or of a magnitude that do not produce a visible change of 
structure in the fundus cannot be detected by the objective 
methods of examination. There is a possibility that many of 
these can be detected at an earlier stage in their development and 
all of them at some stage in their development by the subjective 
methods. 

(4) Results by the subjective methods of examination can 
be subjected more or less satisfactorily to numerical treatment and 
comparison. 

The importance and the need of the subjective methods of 
examination are coming to be widely understood and realized in 
medical circles. The work, however, is still in its infancy. Much 
of the knowledge that is needed for an intelligent procedure is 
not yet available. To the acquisition of this knowledge the present 
study is dedicated as a minor but fundamental contribution. 








Il. HISTORICAL SUMMARY 


The discovery of the blind spot by Mariotte (3) in 1668 was 
to a large extent the incentive to the examination of the response 
of the peripheral retina. It was not until 1801, however, that 
Thomas Young (4) published the first account of an attempt to 
explore the retina with a view to determining the form and extent 
of its sensitive surface. In 1804 Troxler (5) discovered that the 
peripheral and central portions of the retina were not alike in their 
characteristics. “Twenty years later Purkinje (6) confirmed this 
discovery. Also, he was the first to indicate a difference in the 
extent of the sensitivity to light and to color and a variability 
both in the extent of the zone in which the different colors could 
be seen and in the hue in which they were sensed in the different 
parts of the retina. 

This discovery was followed by numerous attempts to deter- 
mine the way in which the color response and the sensitivity to 
color varied from center to periphery. Results differed widely, 
however, with different investigators. This was due largely to 
the fact that the influence of many important variable factors 
was either unnoticed or neglected. It was evident from these 
results that until a consistent and systematic study should be made 
of the factors involved and an acceptable method of standardizing 
these factors and of estimating sensitivity should be found, no 
authoritative statement could be made of the extent of color 
sensitivity or the relation of the sensitivity at one point on the 
retina to that at any other point. 

In 1910 Ferree and Rand (7) began a series of studies planned 
for the purpose of determining the effect of the factors which 
influence the response of the retina to color and of devising 
means of standardization and control. They also developed 
methods and apparatus whereby the amounts of stimulus used 
could be specified in comparable terms. The quantitative and 
qualitative effects of the variable factors which they found to 
influence the response of the retina to color have been adequately 
9 
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dealt with by them in various publications. A brief review of 
the work to date will be given here, however, for the sake of 
continuity and the orientation of the present study in relation to 
the work already done. 

Among the factors which have been found to influence the 
response of the retina to color the following may be mentioned ; 
intensity, composition and purity, and size or visual angle of 
stimulus ; brightness of preexposure and surrounding field; inten- 
sity of the general illumination and state of adaptation of the 
retina; and length of exposure. These are the more important 
factors which influence variability of result in any given indi- 
vidual. The factors which cause a variation of result from 
individual to individual will not be discussed in this study.’ 


A. BRIGHTNESS OF PREEXPOSURE AND SURROUNDING FIELD 


Previous to the investigations by Ferree and Rand, the effect 
of brightness of preexposure and surrounding field had been 
recognized only in a very general way and with little understand- 
ing of its influence. No quantitative estimate of the effect had 
been made, nor had there| been any attempt at standardization 
that showed a comprehensive knowledge of the way in which the 
factor produced its effect. 

Some attention had been given, however, to the effect of the 
brightness of the field surrounding the stimulus on the degree 
of eccentricity of the apparent limits of sensitivity to the different 
colors. In fact it was the recognition by Kriikow (8) that former 
methods had allowed the retina to become unequally fatigued to 
chance objects in the surroundings that led to the substitution of 
the campimeter for the perimeter in investigations of the color 
sensitivity of the retina. The campimeter as an instrument for 
the investigation both of central and peripheral sensitivity is of 
value in that it provides a convenient means of changing the 

1 For a discussion of these factors, see Ferree, C. E., Rand, G., and Monroe, 
M. M., Studies in Perimetry, 3, Errors of refraction, age and sex in relation 
to the size of the form field, Amer. J. Ophth., 1929, 12, 659-664; Errors of re- 
fraction, age and sex in relation to the size of the form field and preliminary 


data for a diagnostic scale. Bulletin of the Johns Hopkins Hospital, 1929, 45, 
295-314. : : 
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brightness of the field surrounding the stimulus. That is, by 
means of the campimeter the brightness induction from the sur- 
rounding field may be eliminated, standardized, or varied at will 
to suit the needs of the investigation. Kriikow, however, seems 
to have had little realization of the versatility of the instrument. 
No study was made of the effect of different backgrounds and he 
did not seem to know the principles underlying the effect of back- 
ground. He used first a gray and later a black surrounding field. 

Incomplete and somewhat rudimentary investigations of the 
effect of brightness of the surrounding field were made by Aubert, 
Woinow, Fernald, Hess and Tschermak. Woinow (9) found 
the color limits to be the same when either a dark or a light back- 
ground was placed behind the stimulus and concluded, therefore, 
that the limits of color sensitivity were not influenced by the 
brightness of the surrounding field. Aubert (10) and Fernald 
(11), on the other hand, found a difference in the limits for pig- 
ment stimuli when placed on light and dark backgrounds, but 
disagreed as to the direction of the effect. Aubert obtained wider 
limits for red on black and for yellow, green and blue on white 
backgrounds, except for very small stimuli; Fernald obtained 
wider limits for all colors except red with dark than with light 
surroundings. Hess (12), and later Tschermak (13), observed 
pigment stimuli through an opening in a gray screen so arranged 
that it could be lightened or darkened by turning toward or away 
from the light. They both found that the limits of sensitivity to 
color were widest when the surrounding field was equal in bright- 
ness to the stimulus. If the stimulus appeared lighter or darker 
than the surrounding field, the limits were narrowed in proportion 
to the loss of saturation of the stimulus due to the influence of 
the background. 

Rand (14) in 1913 made a study of the amount of white or 
black induced by surrounding fields of black or white at two 
points in the peripheral field. Stimuli subtending a visual angle 
of 3°26’ were used under two conditions of daylight illumination: 
390 ft.-c. and 1.65 ft.-c., vertical component. Grays of the 
brightness of the four principal colors of the Hering series of 
pigments were used as stimuli and the screen of the rotary cam- 
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pimeter as inducing surface. The amount of induction was meas- 
ured on a rotating disc placed immediately behind the fixation 
point in such a way that it was not subject to induction from the 
campimeter screen. This disc was composed of adjustable sectors 
of the gray used as stimulus and of white or black depending on 
the quality of the induction from the surrounding field. The sec- 
tors were adjusted until the sensation aroused by their fusion 
matched the stimulus in brightness as seen in the periphery at the 
point investigated. In general an increase in the amount of induc- 
tion was found with increase of distance from the center of the 
field, with decrease of illumination, and with increase in the 
brightness difference between the two surfaces. Determinations 
were then made of the color thresholds at the same points in the 
peripheral field as were used in the measurement of amount of 
induction, and on the limits of color sensitivity in two meridional 
quadrants under the following conditions: (a) With a surround- 
ing field of black, white or a gray of the brightness of the color. 
For these determinations the influence of the factor of pre- 
exposure was eliminated by making it of the same brightness as 
the stimulus. (b) With a \preexposure of black, white or gray 
of the brightness of the color. For these determinations the in- 
fluence of the factor of surrounding field was eliminated by _ 
making it of the same brightness as the stimulus. And (c) with 
both preexposure and surrounding field of black, white or gray 
of the brightness of the color. An explanation of the results 
obtained was offered in terms of the conditions of induction 
from the surrounding field and preexposure and of-the inhibitive 
action of this induction on the chromatic component of the 
sensation. 

In 1920 the investigation of these factors was continued by 
Ferree and Rand (15). The limits of sensitivity were determined 
in sixteen meridional quadrants by means of the rotary cam- 
pimeter. Stimuli of red, yellow, green and blue Hering pig- 
ments were used subtending a visual angle of 3°26 under a 
constant daylight illumination of 42 ft.-c. vertical component, 
12.5 ft.-c. horizontal component. The limits were determined for 
surrounding fields of black, white and gray of the brightness of 
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the stimulus, the influence of the factor of preexposure being 
eliminated; for preexposures of black, white and gray of the 
brightness of the color, the influence of the factor of surrounding 
field being eliminated and for both surrounding field and pre- 
exposure of black, white and gray of the brightness of the 
stimulus. In this study and in the work by Rand in 1913, the 
effect of preexposure and surrounding field on the limits of 
color sensitivity was found to be influenced by the following 
factors: (a) the region of the retina in which the color response 
terminated for the conditions used: (b) the brightness dif- 
ference between the color and its background in this region; 
(c) the illumination of the retina at this point; and (d) the 
inhibitive action of the achromatic on the chromatic aspect of 
the sensation in this part of the retina. In general it was found 
that the widest limits were obtained for all the colors when the 


surrounding field and preexposure were of the gray of the bright- 
ness of the stimulus. For red and yellow, the colors which darken | 


most in passing into the peripheral field, wider limits were found 
with the black than with the white surrounding field and preex- 
posure, particularly in the temporal half of the field; for green, 
wider limits were found with white than with black surrounding 
field and preexposure ; and for blue the limits for the two condi- 
tions were interlacing. 

In 1924 Ferree and Rand (16) published data on the effect of 
brightness of preexposure and surrounding field on the size and 
shape of the color fields for stimuli of different sizes. These de- 
terminations were made on the Ferree-Rand perimeter (17) with 
a constant illumination of 7 ft.-c. Again three brightness 
values were used as preexposure and surrounding field, a white, 
a black and a gray of the brightness of the color at or near the 
point at which the limits of sensitivity occur. The stimuli used 

, were a red, green and blue of the Heidelberg series of pigment 
papers. The sizes employd subtended visual angles of 2°, 1°, 
0.5° and 0.17° respectively. They obtained the widest angular 
limits of the color fields when the preexposure and surrounding 
field were of the same brightness as the color for all of the colors 
except blue with the very small 0.17° stimulus, in which case the 
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widest field was obtained with the black preexposure and sur- 
rounding field... The comparative effect for black and white 
surrounding fields and preexposures was found to vary consider- 
ably with the size of stimulus used, both in amount and in some 
cases in direction. For red, wider limits were always obtained 
with a black than with a white preexposure and surrounding field. 
For green, wider limits were always obtained with a white than 
with a black preexposure and surrounding field. For blue, the 
limits interlaced with the 2° stimulus but with the 1°, 0.5°, and 
0.17° stimuli wider limits were obtained with the black than with 
the white preexposure and surrounding field. In general, the 
amount of difference in effect between the two conditions in- 
creased with decrease in the size of stimulus. With the white 
preexposure and surrounding field the area of field for red with 
stimuli subtending visual angles of 2°, 1°, 0.5°, and 0.17° was 
reduced 16.9, 60.5, 85.4 and 84.2 per cent as compared with the 
area for preexposure and surrounding field of gray of the bright- 
ness of the color; for green this reduction was 7.5, 22, 34.3, and 
61.5 per cent; and for blue, with stimuli subtending visual angles 
of 2°, 1°, and 0.5°, it was 9,1, 50.6, and 55.3 per cent respectively. 
With the black preexposure and surrounding field the reductions 
for red were’ 5.8, 13.5, 19.8 and 34.9 per cent; for green, 30.6, 
51.2, 71.9 and 83.1 per cent; and for blue, 6.5, 11.4, and 13.5 
per cent respectively. In the case of blue for the stimulus sub- 
tending a visual angle of 0.17° the field, as already stated, was 
widest for the black preexposure and surrounding field. The 
reduction produced by the gray preexposure and surrounding field 
was 29.6 per cent; by the white preexposure and surrounding 
field, 86.2 per cent. 

1 This result is quite exceptional. It seems to be obtained only when very 
small stimuli are used. Usually the widest fields are obtained with a pre- 
exposure and surrounding field of the brightness of the color. Blue, however, 
sustains a very close qualitative relation to the gray of the Hering series 
which matches it in brightness. When very small in size it seems to escape 
observation entirely on such a background after a certain eccentricity is 
reached. For this reason the small amount of induction from the black back- 
ground seems to be a favorable rather than an unfavorable factor. That is, the 
influence of this induction on rendering the stimulus more different from its 


background seems more than to compensate for the small amount of inhibi- 
tive action on the chromatic component of the sensation. 
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In 1925 a study of the effect of the brightness of surrounding 
field on the limits of the blind spot to form and color was made by 
the writer, in collaboration with Ferree and Rand (18). All fac- 
tors other than the ones under investigation were carefully con- 
trolled by means of the Ferree-Rand perimeter. The area of the 
blind spots obtained with a 0.25’ stimulus at 33 cm. were meas- 
ured by means of a planimeter. A comparison of these areas 
showed the blind spot for achromatic stimuli to average 7.6 per 
cent larger on a white than on a black field, 1.e., a black stimulus on 
a white field gave a slightly larger blind spot than a white stimulus 
on a black field. This difference was in the direction to be ex- 
pected. That is, the influence of the irradiation of the white 
excitation on the retina would tend to increase the area stimulated 
in case of the white stimulus on the black field and to decrease 
it in case of a black stimulus on a white field. Also the sensation 
difference between stimulus and background, an important factor 
in determining visibility, is greater in case of a white stimulus on 
a black ground than in case of a black stimulus on a white ground, 
due probably to a difference in the amount of physiological induc- 
tion.’ Although the blind spots for the chromatic stimuli were 
all much larger than for the achromatic stimuli, the least differ- 
ence was found when the brightness cf the surrounding field was 
the same as that of the color; the greatest, when the surrounding 
field was white. On the gray of the brightness of the color, the 
blind spots for chromatic stimuli were 40—45 per cent larger than 
those for the achromatic stimuli; on the black field they were 
47-71 per cent larger; and on the white field, 72-132 per cent 
larger. 

From the results of the above studies it is obvious that bright- 
ness of preexposure and of surrounding field are important vari- 
able factors influencing the response of the retina to color, and 
must be subjected to careful control if correct and reproducible 
results are to be obtained in investigations of sensitivity and re- 
sponse to color. The need for this control is particularly great in 
work on the peripheral retina. | 


1See C. E. Ferree, and G. Rand, Intensity of light and speed of vision 
studied with special reference to industrial situations, Part II, Trans. Illum. 


Eng. Soc., 1928, 23, 507-542. 
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B. INTENSITY OF THE GENERAL ILLUMINATION 


The effect of the intensity of the general illumination of the 
retina on color response has been recognized since the time of 
Purkjnje and Aubert, and a number of experimenters, among 
them Kramer, Wolffberg, Rand, and Ferree and Rand have 
studied it in varying degrees of detail. In the studies to be re- 
viewed in this section, pigment stimuli were used and no separa- 
tion was made of the two effects of intensity of illumination: 
(a) on the amount of light reflected from the pigment stimuli; 
and (b) on the state of general adaptation of the retina. Indeed 
prior to the work of Ferree and Rand no analysis had been made 
of the number of ways in which changes in general illumination 
affect color sensitivity and of the relative importance of each; 
nor had an adequate contro! of illumination been exercised. Even 
when attention was given to the factor, earlier experimenters had 
been content to take such rough precautions as working only on 
bright days at stated hours. Fernald (11) and Thompson and 
Gordon (19), for instance, attempted a rough control of illumina- 
tion by lowering shades on bright days and raising them on dark 
days; and Kramer (20) specified only that the day was cloudy 
or sunny. | 

Kramer determined the effect of different intensities of day- 


1 Indeed at this time instruments for measuring or even sensitive methods 
for detecting changes in the illumination of a room were not available. For 
use in their earlier work Ferree and Rand (Psychol. Rev., 1912, 19, 364-373: 
An optics-room and a method of standardizing its illumination) devised a 
method of reproducing the illumination of an optics-room based on the ex- 
treme sensitivity of the peripheral retina to brightness contrast and to the 
fact that very small changes in the illumination of the room produce a change 
in the amount of this contrast. Their method briefly consisted of measuring 
the amount of contrast induced by a white background on a light gray 
stimulus when viewed at a point 25° from the center of the field in the tem- 
poral quadrant under an intensity of illumination chosen as the standard. If 
this intensity was either increased or decreased by very small amounts, the 
measuring disc no longer matched the stimulus. The optics-room was pro- 
vided with an elaborate series of curtains by means of which small or gross 
changes in the illumination could be produced until the intensity giving the 
standard amount of contrast was obtained. The method proved to be very 
sensitive and feasible. The principles involved have since been developed by 
them into a sensitive method of heterochromatic photometry. (A New 
Method of Heterochromatic Photometry, J. Exper. Psychol., 1916, I, 1-12.) 
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light and various artificial illuminations by comparing the dis- 
tances at which red, yellow, green and blue pigment stimuli on a 
black background could just be sensed. He found in every case 
that a decrease in intensity of illumination lessened the distance 
at which the colors could be perceived. He ignored the fact, 
however, that white was induced across the stimulus by contrast 
with the black background and that the amount of this induction 
varied with each intensity of illumination as well as with the 
different colors. 

Wolffberg (21), who had at hand one of the essentials for 
standardizing, viz., a method of making gradual changes in the 
illumination of his room, and who from his results could have de- 
rived the other essential, a method of identifying and designating 
the illumination used, showed that the response to pigment stimuli 
varied with the intensity of illumination but failed to draw atten- 
tion to the importance of standardizing. His method of working 
was as follows. In a room illuminated by daylight, he changed 
the illumination by fastening from one to fifteen thicknesses of 
tissue paper over the window. The illumination with the window 
uncovered was designated as 15/15; covered with one thickness 
of paper, 14/15; etc. He then determined the size of a pigment 
stimulus necessary just to sense the color at a given distance (5 
meters) for the different illuminations. In the peripheral field 
he determined the change effected in the limits by these fifteen 
illuminations. He found that a decrease in illumination affected 
the sensitivity to color more than to white in the central field and 
narrowed the color fields. The decrease in the breadth of field 
however, was not more than 15 degrees in any quadrant. The 
relative order of extent of field for the different colors was not 
affected. The order of size from greatest to least for all illumina- 
tions used was blue, red and green. 

As has been indicated, Wolffberg could have utilized the condi- 
tions which he had at hand for standardizing any intensity of 
illumination which he wished to use, 1.e., for a given size of test- 
object the distance at which its color was just recognizable could 
have been determined for the illumination in question. This 
illumination could then have been reproduced at any subsequent 
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time by adding or subtracting layers of tissue paper until the test 
condition was satisfied. 

Rand (22) in 1912 pointed out the wide variability in the eye’s 
response, central and peripheral, to pigment stimuli when the 
work was done under uncontrolled daylight illumination. For the 
study of the effect of intensity of illumination, two intensities 
were chosen, a high illumination of 390 ft.-c., vertical compo- 
nent, and a low illumination of 1.65 ft.-c. The study was planned 
to investigate the effect of this amount of change of illumination 
on the limits of sensitivity to the stimuli used and on the value of 
the threshold at the fovea and at 15°, 25° and 30° from the fovea 
in the nasal horizontal quadrant of the field of vision, when sur- 
rounding fields were used of gray of the brightness of the stimulus 
at the point investigated, and of white and black. Measurements 
were also made of the amount of black and white induced by the 
white and black screens respectively on gray surfaces of the same 
brightness as the pigment stimuli under the conditions used. A 
decrease in the intensity of the general illumination was found to 
increase the amount of induction produced by the surrounding 
field. This effect was greater for the white than for the black 
screen. The decrease in illumination also caused an increase in 
the value of the threshold and a contraction of the color fields 
which varied in amount with the background used. These deter- 
minations showed that one of the important causes of change in 
the color response with variable illumination is due to the change 
in the brightness relation between stimulus and background with 
change of illumination. It was pointed out, therefore, that it was 
impossible to control or eliminate the factor: brightness of sur- 
rounding field, unless the intensity of the general illumination 
was held constant. This was found to be true also of the effect of 
preexposure. 

The effect of change in the intensity of illumination of the arm 
of a perimeter on the size and shape of the color fields was deter- 
mined by Ferree and Rand (23) in 1922. Five intensities of 
light were used, giving illuminations of 51, 17, 7, 3 and 0.3 ft.-c. 
These intensities were obtained without change in the color of the 
light by the insertion of neutral filters of appropriate density in 
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the aperture of the lamp-house provided for the illumination of 
the arm of the perimeter. In order to show how these illumina- 
tions compared with the daylight illumination falling on the per- 
imeter arm in an ordinary room, measurements were made of the 
daylight at the level of the perimeter arm in a room with a win- 
dow, southern exposure, the lower sill of which was somewhat 
higher than the level of the perimeter arm when placed in the 
horizontal position. It was found that the highest illumination, 
51 ft.-c., was the same as that falling on the perimeter arm at 
the fixation point when facing the window at 1 p.m. on a bright 
winter day; the second highest illumination, 17 ft.-c., was the 
same as that falling at the fixation point at 2.30 p.m.; the third 
highest illumination, 7 ft.-c., the same as that falling on the fixa- 
tion point at 3.45 p.m.; and the fourth, 3 ft.-c., the same as that 
falling on the fixation point at 4.15 p.m.. The fields were taken 
with all the controls used in connection with the Ferree-Rand 
perimeter. In every case the surrounding field and preexposure 
were of the gray of the brightness of the color at the point investi- 
gated under the illumination used. 

The decrease in illumination from 51 to 3 ft.-c., correspond- 
ing to that change in illumination which occurred in a well-lighted 
room between 1.00 and 4.15 p. m., narrowed the limits for red 
by amounts ranging in the different meridians from 11-37 de- 
grees; for blue, from 13-37 degrees; and for green, from 10-19 
degrees. The decrease from 51 to 0.03 ft.-c. narrowed the limits 
for red by amounts ranging in the different meridians from 27-72 
degrees ; for blue, from 29-61 degrees ; and for green from 22-45 
degrees. Changes in the shape and relative breadth of the color 
fields were also noted with changes in illumination. At 51, 17 
and 7 ft.-c. for instance, the boundary of the blue field inter- 
sected that for red 6, 4 and 3 times respectively; at 3 ft.-c., it 
lay entirely within the boundary for red, while at .03 ft.-c. it 
lay almost entirely outside the boundary for red. 

It is obvious from these results that control and standardization 
of the general illumination are necessary not only for problems of 
research but also from the standpoint of practical perimetry, if 
dependable results are to be obtained, either in diagnosis or in 
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checking up the advance or recession of a pathological condition. 
Although the above investigations are sufficient to show the need 
for a control and standardization of the factor of general illumina- 
tion, they have shown its effect only through its influence on 
other variable factors. Its direct effect upon the sensitivity of 
the retina to color through changes in the state of adaptation of 
the eye has not been shown, except for central vision, prior to 
the present study. 


C. Time or Exposure oF STIMULUS 


That time of exposure is an influential factor in the deter- 
mination of the chromatic response of the retina has long been 
recognized. As early as 1711 Bacon (24) observed that visual 
sensation does not rise to its maximum value immediately. This 
was noted also by Beudant (25), Plateau (26) and Swan (27). 
No experimental investigation of the time required to reach this 
maximum was made, however, before that of Exner (28) in 
1868. In 1834 Plateau (26) also reported a change in the re- 
sponse to chromatic stimuli as a result of fatigue or adaptation 
to the stimulus, i.e., as a result of exposure-time greater than 
that required to arouse the maximum sensation. Since that time 
frequent investigations of the time factor have been made. The 
only quantitative determinations, however, have been those made 
by Bills and by Ferree and Rand for the rise of sensation, and 
by Almack for chromatic adaptation. 

Previous to these latter determinations, the rise of sensation 
had been investigated by Swan (27), Charpentier (29), Lough 
(30), Broca and Sulzer (31), Martius (32), Biichner (33), and 
Berliner (34), by direct methods; and Exner (28), Lamansky 
(35), Kunkel (36), Diirr (37), and MacDougall (38) by indi- 
rect methods of determination. No two of these methods were 
the same in all essential details :—experimental technique, inten- 
sity and composition of light used, etc. Moreover, the control 
and specification of conditions has not been such that a compari- 
son of their work can be made from their publications. In only 
two cases was light of spectrum purity used and Diirr alone speci- 
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fied the wave-length. Broca and Sulzer attempted to equalize the 
lights in brightness. In no other case was any attempt at equaliza- 
tion of light intensities made, either photometrically or radio- 
metrically. In some cases, the determinations were made in 
terms of the achromatic aspect alone; in some, in terms of the 
chromatic ; in others both aspects were included in the determina- 
tion; while in still others no distinction was made between the 
two aspects. In most cases, also, there was no attempt to de- 
termine more than the time required for the sensation to reach 
its maximum. The principal points of interest have been the 
comparison of the time required for the different colors to reach 
their maximum, a comparison of the optimum time for colored 
and colorless light, and a determination of the effect of intensity 
of light on this optimum time. Conflicting results have been 
obtained. Kunkel, Lamansky, Broca and Sulzer, and Martius 
found that the length of time required for sensation to reach its 
maximum varied with the color used, but they disagreed as to 
the values of this optimum time for the different colors and their 
ratios to each other. MacDougall, Durr, and Berliner, on the 
other hand, concluded that the time required for sensation to 
reach a maximum was independent of the color of the sensa- 
tion. They, too, disagreed, however, as to the value of the time 
required. 

The four who worked with both white and colored lights 
agreed that there was a characteristic difference in the time re- 
quired for the two kinds of light to produce their maximum 
effect in sensation, but disagreed as to the amount of that dif- 
ference. Diirr, for example, found that colored light required 
approximately twice as long to produce its maximum effect as 
white light; MacDougall and Martius, that the time for colored 
light was within the range of values for white light and Broca 
and Sulzer, that the time was longer for blue and shorter for 
green and red than for white light. Broca and Sulzer alone speci- 
fied the intensities of the lights used. 

The time required to reach a maximum of sensation was found 
to vary, also, with intensity of light by all except Durr, who 
stated that the time was independent of intensity. 
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With the hope of obtaining a more reliable set of results and 
of arriving at a better evaluation of those already obtained, 
Bills (39) in 1920 undertook the study anew. Several methods 
were used; the more promising of the older methods and three 
new methods devised by Ferree and Rand. In order that a com- 
parison might be made of these methods, the same observer, the 
same state of adaptation of the eye, the same wave-lengths and 
intensity of light, and as nearly as possible the same apparatus 
were used. The stimuli were spectrum lights made equal photo- 
metrically and measured radiometrically. 

In the method chosen as most feasible and convenient, and 
having the greatest sureness of principle, the intensity of light 
was held constant and such changes made in the exposure-time as 
would give just noticeable differences of brightness in the sensa- 
tion aroused. The value of exposure-time, no further increase of 
which caused a noticeable increase in brightness, was accepted as 
the optimum and the sensations produced by the other exposures 
were rated in terms of the just noticeable differences from zero. 

By this method a difference was found in the rate of rise of 
sensation for the different wave-lengths and for white light, 
i.e., the retina is not only selective in the amount of its response 
to wave-length but it is selective also in the lag it shows in giving 
its full response. With the highest intensity used, 1.21 m.c., the 
rate of rise of sensation from fastest to slowest up to within two 
j.n.d.’s of the maximum for green was green, yellow, white, and 
red. No determination was made for blue. At the lowest in- 
tensity, 0.057 m.c., the order was yellow, red, blue, green, and 
white. With an intermediate intensity, 0.15 m.c., the order as 
to rate of rise varied at different stages in the development of 
the sensation. With increased intensity the time required to 
produce maximum response was decreased. This decrease was 
more rapid for green and blue and slower for red and yellow. 
The optimum time of exposure for sensation to reach a maximum 
at 0.057 m.c. was for red, yellow, green, blue and white respec- 
tively 0.164, 0.103, 0.190, 0.210 and 0.216 seconds. The work 
was done under conditions of dark adaptation and with a stimulus 
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subtending a visual angle of 0.43° in the horizontal and 1.63° 
in the vertical dimension. 

This method was used also by Ferree and Rand (40) in a 
determination of the-curves of rise of sensation for red, yellow, 
green and blue spectrum lights and the light from a carbon lamp, 
in connection with a study of the equality of brightness and 
flicker methods of photometry. The rise of sensation to the 
maximum was determined for the five lights at one intensity 
only, 12.5 m.c. At 25 and 50 m.c. the curve for the rise was 
determined only to the level given by an exposure of approxi- 
mately 0.04 seconds, the value of the individual exposures for the 
rate of succession giving the highest sensitivity to flicker pho- 
tometry. The work was done under conditions of light adaptation 
with an illumination equal in meter-candle value to that of the 
stimulus being used, and with a circular stimulus subtending a 
visual angle of 1.9°. At 12.5 m.c. the optimum time of exposure 
for red, yellow, green, blue and the carbon lamp were respec- 
tively 0.233, 0.195, 0.174, 0.157 and 0.254 seconds. 

The results of their work in so far as they pertain to the rise 
of sensation may be summarized as follows: (1) Lights of 
different wave-lengths or composition rise to their maximum 
value in sensation at different rates, 1.¢., they show different 
amounts of lag. (2) The lag changes with intensity of light and 
the change is different in amount for the different wave-lengths. 
(3) The order of ranking as to rate of rise for the different 
wave-lengths changes at different points from minimum to maxi- 
mum, 1.e., the curves representing the rise interlace or crisscross. 
It is also inferred by them from the results of auxiliary experi- 
ments that the rate of rise, perhaps also the differential effect of 
wave-length and intensity on the rate of rise, are affected, in 
addition, by the size or visual angle of the stimulus, the state 
of adaptation of the eye, and the region of the retina stimulated. 

Before the work done by Almack, the effect of exposures longer 
than those required for the sensation to reach its maximum had 
been studied in its relation to loss of saturation of the stimulus, to 
changes in hue, and also to changes in brightness. In the first group 
may be included the determinations of Plateau(41), Bokowa(42), 
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Aubert (43), Burch (44), Beck (45), Porter (46), Edridge- 
Green (47), Briickner (48), Sheppard (49), Troland (50) and 
Ssamujlow (51) ; in the second those of Exner (52), Hess (53), 
Voeste (54), and Sheppard (49); and in the third that of 
Schon (55). In general the problems had not been clearly formu- 
lated, and the experimental conditions were poorly controlled. As 
a result of their experiments, however, Aubert, Burch and 
Ssamujlow claimed that the length of adaptation required to 
produce partial or complete loss of saturation varied with the hue; 
Sheppard, that it varied with saturation; and Sheppard and Tro- 
land that it varied with brightness. Most colors were found to 
change in hue towards yellow or blue. A few colors, however, in 
certain regions of the spectrum, were reported stable in hue. 

In Almack’s (56) experiments, spectrum lights measured in 
radiometric units were used as stimuli and the sensitivity of the 
retina was rated in terms of the amount of energy required to 
arouse the threshold of sensation at the end of each period of 
fatigue or adaptation. The|study was made for lights equalized 
in all ways, subjective and objective, in which amounts of colored 
light may be specified, i.¢., photometrically, radiometrically, and 
with reference to the saturation of the color sensation aroused. 
The experiments were conducted also under conditions of both 
light and dark adaptation. 

She concludes that loss of sensitivity as a result of adaptation 
to a stimulus exposed for a longer time than that required to 
arouse the maximum sensation is an irregular function of four 
variables ; wave-length, intensity, time of exposure, and general 
state of brightness adaptation of the retina; that saturation and 
brightness cannot properly be considered as factors in adapta- 
tion—rather, changes in hue, saturation and brightness are the 
conscious phenomena of chromatic adaptation; and that the rate 
of adaptation appears to sustain a direct relation to the state of 
sensitivity of the retina. That is, the rate is rapid at the beginning 
of the exposures, becoming progressively slower as the length of 
exposure is increased. Also the rate of adaptation for the dark- 
adapted eye which has a higher initial sensitivity, is much faster 
than for the less sensitive light-adapted eye; and the colors to 
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which the fresh eye is the most sensitive cause the most rapid loss 
of sensitivity. 

It is evident from the foregoing results that time of exposure 
is a factor in the determination of the sensitivity of the retina 
to color that must be controlled and standardized if reliable re- 
sults are to be obtained. Since the optimum time of exposure 
varies with the wave-length and intensity of the stimulus, and 
probably also with the size of stimulus, the state of adaptation, 
and the region of the retina stimulated, the best directions with 
reference to the control of the factor that can be given at the 
present time are to select a time which is certainly equal to or 
greater than the optimum for any of the conditions used in the 
experiment, keep it constant throughout the investigation, and 
specify the conditions used. Fortunately for the possibilities of 
an adequate control, the differential effect for wave-length and 
intensity of light, state of adaptation, etc., is slight for small 
variations when values greater than the optimum are used. That 
is, just what value shall be selected for a comparative rating of 
sensitivities, is of very great importance for values less than the 
optimum. For values greater than the optimum the point is of 
very much less importance. The optimum would of course be the 
desirable exposure time to use if that could be known for each 
experimental situation. 


D. S1zE oF STIMULUS. 


Of the various factors influencing color response, size of 
stimulus had been the most adequately treated by the early in- 
vestigators. Its influence had been shown and the need pointed 
out for careful measurement of both the actual size of the 
stimulus and the apparent size, as determined by its distance 
from the eye of the observer. In fact, the first systematic investi- 
gation of the responses of the peripheral retina was made by 
Hueck in 1840 to determine the effect of this factor. 

Investigations of the effect of area of stimulus on the limits 
of color sensitivity have been made by Hueck, Aubert, Woinow, 
Kriikow, Raehlmann, Schon, Schirmer, Briesewitz, Tschermak, 
Kirschmann, Abney, and Ferree and Rand. 
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Pigment stimuli both colored and colorless were used by 
Hueck (57) and Aubert (58). Changes in effective size or visual 
angle were accomplished in two ways :—by varying the actual size 
and holding the distance constant and by varying the distance 
and holding the size constant. Both investigators found an in- 
crease in the size of the field of vision with an increase in the 
size of the stimulus. 

Woinow (9), however, contradicted their assertion, claiming 
that this was not the case if the eccentricity of the point taken 
as the limit were measured from the inner edge rather than from 
the center of the stimulus. Kriikow (8) confirmed Woinow’s 
findings and stated that the boundaries of the color zones were 
absolute within certain limits of size of stimulus. Aubert (10) 
repeated his experiments and concluded as before that size of 
stimulus was a factor in determining the limits of sensitivity. 
He mentions the precaution as to measurement of the angular 
distance used by Woinow but does not definitely state that he 
himself used it. Raehlmann (59), Schon (60), Schirmer (61) 
and Briesewitz (62) all agreed with Aubert but failed to mention 
their method of measurement. | 

Tschermak (63) observed Woinow’s precaution, yet obtained 
results agreeing with those of Aubert. The stimulus was placed 
behind the opening of a campimeter screen of gray paper, and 
its size regulated by means of gray slides which widened the 
opening either on the side within the visual field toward the fovea 
or on the other side, toward the periphery. Having determined 
the point in the periphery at which red and green appeared 
colorless, he widened the stimulus-opening first toward the fovea 
and then toward the periphery. Color was sensed in both cases. 

In the first case no conclusion could be drawn since the inner 
margin of the stimulus was extended into the region of the 
retina sensitive to color. In the second case, however, the color 
was sensed when the area was increased without extending its 
margin into the field sensitive to color. Tschermak therefore con- 
cluded that the limits of color sensitivity are influenced by the 
area of the stimulus. 

Kirschmann (64), in 1893, pointed out that different regions 








ACHROMATIC AND CHROMATIC SENSITIVITY 27 


of the retina react differently to an increase of area of the 
stimulus. In the upper and nasal regions he found that the fields 
sensitive to color were widened very slightly and never beyond 
certain limits by an increase in the area of the stimulus. In the 
lower and temporal regions on the other hand, he found the possi- 
bility of widening the fields to be great. Woinow and Kriikow 
obtained their results in the nasal quadrant of the horizontal 
meridian. Tschermak does not state the region investigated. 
Should this have been the temporal region of the retina, his con- 
clusions may be reconciled with those of Woinow in the light of 
Kirschmann’s results. | 

Rand (14) pointed out that these variations in the effect of 
area in the different regions of the retina were in all probability 
due largely to differences in the rapidity with which sensitivity 
falls off from the center ‘to the periphery of the retina in the 
several meridians; that when the decrease is gradual, as in the 
meridians having the widest limits of sensitivity, more effect may 
be expected than where the sensitivity decreases rapidly ; also that 
another cause of variable results may have been the range of size 
of stimulus employed. Since the retina fatigues quickly to a very 
small stimulus, an increase in size up to a certain point would be 
advantageous. The margins of very large stimuli, however, may 
extend so far into the zone of insensitivity that a further increase 
is ineffective. 

Abney (65), in determining at what intensity different spec- 
trum lights were brought below the threshold of sensation found 
that size as well as intensity of stimulus is a determining factor 
in the result. A stimulus 2 inches in diameter, for example, was 
seen at a lesser intensity than a stimulus % inch in diameter. 
Furthermore, he found that it was not the area, but the shorter 
dimension of the stimulus, vertical or horizontal, which deter- 
mined the intensity required to render the stimulus subliminal. 
The experiments when extended to the peripheral retina resulted 
in the same conclusions. 

The most recent study of the effect of size of stimulus on the 
size and shape of color fields is that published by Ferree and 
Rand (66) in 1927. The fields were determined on the Ferree- 
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Rand perimeter with standard pigment stimuli under fixed con- 
ditions of illumination, background, and preexposure of the eye. 
Five sizes of stimulus were used subtending a visual angle of 
0.17°, 0.5°, 1°, 2° and 5° respectively. Three brightnesses of 
preexposure and surrounding field were used, a white, a black, 
and a gray the brightness of the color at or near the limits of 
sensitivity. Size of stimulus was found to be second in impor- 
tance only to intensity in determining the limits of the field. In 
the case of red and blue the 5° stimulus extended the limits of 
the color fields almost to that of the form field; that is, with a 
stimulus subtending a visual angle of 5° illuminated by 7 ft.-c. 
of light, the fields for red were only 6, and for blue only 11 per 
cent smaller than for a 1° stimulus of white on black. In the 
case of green, however, the optimum size of field obtained with a 
5° stimulus was but 46 per cent of the form field. Change of 
size of stimulus produced the least effect with a preexposure and 
surrounding field of the brightness of the color. 

It is evident from these results that care must be taken to 
measure accurately the size of the stimulus used in peripheral 
investigations, as well as its distance from the observer, prefer- 
ably the angle subtended at the eye, and to keep these measure- 
ments uniform throughout the investigation. There has as yet 
been no standardization of the size of stimulus; that is, each 
experimenter who has recognized it as a factor has chosen what 
he considered to be the most favorable area and has used that 
area in all of his comparative determinations. There has been a 
recent tendency, however, to establish as standard that size of 
stimulus subtending a visual angle of 1°, a size which has been 
used by the writer in the present study. 


E. Purity or STIMULUS. 


In all determinations of retinal sensitivity to color the purity 
of the stimulus must be taken into account. The presence of alien 
visible wave-lengths affects the results of a determination of 
chromatic sensitivity in two ways: (a) through physiological in- 
hibitions and interactions it decreases the amount of the color 
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response, and (b) it increases the energy measurement. The 
influence of this factor is self-evident and requires no special 


investigation. 


F. BRIGHTNESS OF STIMULUS. 


The brightness or white value of a color as a factor in the 
determination of the limits of sensitivity to color has been much 
confused with intensity in the literature on the subject. It may 
be well to consider this factor, therefore, before taking up the 
question of intensity. The confusion is attributable, somewhat, to 
a misinterpretation of terms, but chiefly to an inability to isolate 
the subjective factor brightness from the physical factor, in- 
tensity. As a result, the effect obtained by the variation of both 
factors has often been attributed to changes in brightness alone. 

Bull (67) and Hegg (68) equalized pigment colors in bright- 
ness for the investigation of the peripheral limits of color sensi- 
tivity. They claimed Aubert as authority for so doing and made 
no tests of their own to determine the influence of the brightness 
of a stimulus on sensitivity. Aubert (69), it may be noted, had 
merely expressed a belief that in making fine determinations of 
sensitivity in the central field by decreasing the size of the 
stimulus until the threshold to color was reached, an equalization 
of brightness should be made. He confessed, however, that he 
was unable to demonstrate whether or not the brightness of a 
color affected the retina’s sensitivity to that color, because he was 
unable to isolate the factors involved. Bull and Hegg, therefore, 
equalized their stimuli in making determinations of the limits of 
the color field apparently without knowing or investigating the 
need for making the equalization. Baird (70) also equalized his 
stimuli in white value, claiming not only Aubert as authority, 
but also Landolt, Abney, Raehlmann, Chodin, Klug, Bull, Hess 
and Hegg. The authority derived from Aubert, Bull and Hegg 
is obviously without foundation; that derived from the others, 
with the exception of Hess whose test was incomplete and 
‘wrongly devised, has been shown by Rand (14) to be fallacious 
and due to misinterpretation and confusion of terms. These points 
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have been so fully dealt with by her that further details will not 
be given here. 

Hess (71), as we have stated, attempted to determine whether 
a light or dark color of equal intensity had the same or different 
limits of sensitivity. His test was simple and applied to but one 
color. It consisted of a comparison of the limit of sensitivity in 
the nasal quadrant to each of two pigment stimuli, made up re- 
spectively of 180° of green plus an equal amount of white, and 
of 180° of green plus an equal amount of black. In each case a 
background of the brightness of the darker color was used. He 
found the limits for the dark green to be 25°, and for the light 
green 13°. 

His method is open to several criticisms. In the first place, he 
made no determination of the brightness difference between the 
colors of any set of standard pigments. His variation of the 
brightness component might therefore be either less or more than 
any difference that is apt to be found in the use of pigment colors. 
If less, his test is not sufficiently rigorous; if more, its results 
exaggerate. For instance, brightness mixed with color inhibits 
color sensation. This inhibitive action increases as the brightness 
mixed with color approaches white, and decreases as it approaches 
black. If the difference in brightness between the green mixed 
with white and with black respectively is greater than the bright- 
ness variation between the standard colors, a greater difference 
in the inhibitive action upon the color of the two stimuli, and 
therefore upon the intensities of the sensations aroused by them, 
is obtained than would occur as the result of the actual difference 
in brightness. Later investigations have shown that his variations 
were greater than any difference that is apt to be found in 
standard pigments. His results, therefore, do not give evidence 
that the brightness difference between standard pigments is suf- 
ficient to affect the limits of color sensitivity. | 

In the second place, he did not exercise a correct control of the 
brightness of the surrounding field and preexposure. By using a 
screen and preexposure of the brightness of the darker stimulus, 
he added a considerable amount of white to the lighter stimulus 
by contrast from the dark background and by after-image from 
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the dark preexposure, over and above the white added by objec- 
tive mixing. Therefore, while his aim was to add equal amounts 
of white and black to his stimuli, he actually added a greater 
amount of white than of black. 

Rand (14) made a determination of the’ brightness difference 
actually existing between the standard pigment colors at the 
periphery, and of the limits of sensitivity to stimuli lightened 
and darkened by these amounts; she also determined the maximal 
amount of black or white which could be added to equal amounts 
of color without changing the limits. She found that the amount 
of brightness variation which could be made without changing 
the limits of sensitivity to the color was considerably greater 
than the brightness difference existing between the colors. 

No advantage is therefore gained by equating the standard 
pigment colors in white-value for a determination of the limits of 
sensitivity. On the contrary serious disadvantages are suffered. 
The following reasons were cited in support of this latter state- 
ment: (a) The hue of certain colors is changed when their bright- 
ness is altered, a difficulty encountered by both Chodin and Hegg. 
(b) Colored stimuli when equalized in brightness are necessarily 
reduced in saturation. And (c) the technique involved is ex- 
tremely ctimbersome. 

It seems obvious, then, that this factor so troublesome to 
previous investigators may be safely disregarded in the deter- 
mination of the limits of sensitivity to color with pigment stimull. 

The continued insistence as to its importance, however, has led 
to this rather full exposition of the fallacies involved. In deter- 
minations with spectrum light, equalization in brightness is im- 
possible if the important criterion of purity of stimulus is to be 
maintained. In connection with spectrum stimuli, the question 
can therefore scarcely be raised. For some time to come, how- 
ever, clinical work in perimetry must be done with pigment stim- 
uli. It is towards the work in clinical perimetry, therefore, that 
this discussion is directed. 

Finally it may be said that colors equalized both in brightness 
and saturation such as have more recently been recommended by 


Engelking and Eckstein (72) and prepared under their direction, 
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and which are presumably similar in their optical aspects to those 
used by Bull, Hess, Hegg and Baird, are so changed in hue, satu- 
ration and brightness as scarcely to be recognizable. One can 
hardly conceive that such colors would ever be very widely ap- 
proved either for laboratory or clinic use. 


G. INTENSITY OF STIMULUS. 


Intensity is the most important factor conditioning the amount 
of response and the extent of the retina sensitive to a given color. 
Beginning with the observations of Purkinje (73) a dependence 
of color sensation upon the intensity of the stimulus has been 
recognized. Purkinje noted also that a colored stimulus gave a 
less saturated sensation in the peripheral than in the central retina. 
Since that time other earlier investigators have found (1) that 
with stimuli of minimal intensity the sensation of color is not 
aroused; (2) that the eye is not equally sensitive to the different 
colors; (3) that as the stimulus is moved from fovea to periphery 
progressively greater intensity is required to arouse sensation; 
and (4) that the extent of the color fields is determined within 
certain limits by the intensity of the stimulus. 

In evaluating the results of studies dealing with this factor a 
discussion of the methods used to specify or equalize the intensity 
of the stimuli used cannot be avoided. These methods fall into 
three groups: (1) Specification of the intensity used in terms 
of some form of ratio of the initial intensity of the source of light 
used. Examples of this type of specification are values in degrees 
of the sectors used in work with rotating discs of pigment papers ; 
width of collimator slit; setting of a Nicol prism; coefficient of 
transmission of filters; etc. From this type of specification com- 
parisons can be made for responses under various conditions and 
in various portions of the field to a given composition and inten- 
sity of stimulus, but no comparisons are valid for stimuli of 
different compositions and intensities. 

(2) Specification or equalization of the stimuli in subjective 
terms. The outstanding example of this type of specification and 
one that has had a great deal of influence on the formulation of 
color theory has been the attempt by Bull, Hess, Hegg and Baird 
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to equalize in subjective terms the stimuli used in a comparison 
of the limits of color sensitivity. Their equalizations were made 
in terms of brightness and of another subjective aspect arbitrarily 
selected, 7.¢., the proportion in which the pairs of antagonistic 
colors must be combined to produce gray, or in terms of the 
Hering theory, to cancel each cther. The first of these equaliza- 
tions has been treated in the section: Brightness of Stimulus. 
The second is obviously not justified in any investigation of the 
comparative sensitivity of any part of the retina to the different 
colors. In the first place it is clear that the stimuli used in any 
investigation, the purpose of which is-a comparison of sensitivity, 
should not be equalized in terms of any aspect of the function 
investigated. That is, if the selective reaction or sensitivity of 
the retina to different wave-lengths is the point under investiga- 
tion, these same wave-lengths should hardly be first made equal 
in their power to arouse any reaction of the retina. In the second 
place, if the determination of the limits is to be considered any 
part of the problem of the rating of comparative sensitivities, the 
intensity of the stimuli should be specified in physical terms. Then 
the sensitivities at these limiting points can be represented 
inversely as the intensity of the stimuli. If there is to be any 
equalization, it is obvious that it should be in physical terms. The 
limits then presumably represent points of equal sensitivity. The 
limits obtained with stimuli equalized in cancelling power can 
have no possible value as data to be used for the rating of com- 
parative sensitivities. In the third place, the bearing on color 
theory of the results obtained by an equalization in cancelling 
power is difficult to understand. It seems to have been supposed 
in terms of the Hering theory that stimuli so equalized should 
give coincident limits. To show that stimuli equalized in can- 
celling power are not equalized in power to arouse sensation does 
not require yery long or very difficult experimentation.’ 

(3) Specification in c.g.s. units. By this method alone can a 
specification in absolute terms be given of the intensity of stimuli 

1 For a more detailed discussion of this method of equalizing intensities, see 


G. Rand: The factors that influence the sensitivity of the retina to color, 
Psychol. Monog., 1913, 15, (1), No. 62. 
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of different wave-lengths, and only with stimuli so specified can 
a fair test be made of the comparative responses and sensitivity 
of the eye to different colors.’ 

With reference to the above methods of specification of inten- 
sity, it is obvious that the third is the only one that can be given 
serious consideration. It is equally obvious that in determinations 
of sensitivity, intensity can be considered a factor only in connec- 
tion with the limits of sensitivity. Its historical place as a factor 
in the determination of the threshold and just noticeable differ- 
ence of sensation is due to the use of the first and second of the - 
above methods of specification. In the first method, for example, 
the threshold or just noticeable difference was taken as some 
fraction of a given stimulus. The value of this fraction, there- 
fore; depended upon the intensity of that stimulus. It is scarcely 
needful to point out that with a proper procedure and specification 
the intensity of the stimulus is the measure of the threshold and 
just noticeable difference, not a factor in their determination. 


The effect of intensity upon the limits of color sensitivity. 


Three positions have been held with regard to the limits of 
color sensitivity ::(a) that with sufficient intensity the color fields 
extend to the extreme periphery, coinciding in extent with the 
field for white light or form; (b) that the color fields do not 
extend to the extreme periphery, the limits for complementary 
colors being coextensive in the order from wider to narrower of 
blue and yellow and red and green; and (c) that the order of 
ranking as to breadth of field is blue, red, green. 

The first of these views was held by Landolt (74) who stated 
that with sufficiently high intensity, spectrum stimuli, also pig- 
ment stimuli illuminated by a beam of sunlight in an otherwise 
dark room, could be recognized to an eccentricity of 90° in the 
temporal quadrant of the field. Landolt’s results have since been 

1For a discussion of the need of this method of specifying intensity of 
stimulus for work in psychological and physiological optics see Ferree and 
Rand, Note on the determination of the retina’s sensitivity to colored lights 
in terms of radiometric units, Amer. J. Psychol., 1912, 23, 328-332; A note on 


the needs and uses of energy measurements for work in psychological optics, 
J. Philos., Psychol. and Sci. Methods, 1917, 15, 457-462. 
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confirmed and extended by Ferree and Rand (75). Working in 
sixteen meridional quadrants with spectrum stimuli, they have 
shown that with sufficient intensities of stimulus the fields for 


color are coextensive with the form field. 
The second view was held by Bull (67), Hess (71), Hegg 


(68) and Baird (70), all of whom claimed that when the investi- 


gation is made with stimuli equalized in brightness and in can- 
celling power, the limits for red coincide with the limits for green, 
and the limits for blue with those for yellow, the limits for blue 
and yellow falling farther out from the fovea than those for red 
and green. 

Kirschmann (76), however, failed to find the coincidence of 
limits claimed by Bull, Hess, Hegg and Baird. Kirschmann 
made no attempt to equate his stimuli either subjectively or physi- 
cally. The fact that his colors were not equated in intensity, 
however, does not explain the deviations he found in the limits, 
since the difference in the relative ranking of the complementary 
colors as to limits in the different meridional quadrants was such 


that a crisscrossing occurred. This is obviously not due to a ~ 


failure to equate in intensity, for if the limits for colors equal in 
intensity fall at the same distance from the fovea, an inequality 
in intensity would cause a separation of the limits, but not a 
change in their relative position from quadrant to quadrant. 
Crisscrossing or interlacing can be explained only as the result 
of a peculiarity in the distribution of sensitivity. 

The fallacy of the method of Bull, Hess and Baird has been 
pointed out. Aside from this, however, a close examination of 
their tables of results reveals no closer coincidence of limits than 
was obtained by Kirschmann. In the results of every observer 
it is found that in some quadrants there is coincidence of limits; 


in. others the green field is wider than the red by 1°, 2°, or 


3°: in still others it is narrower by the same amounts. The same 
is found to be true for blue and yellow. Such a variation was 
apparently felt to be insignificant, probably no greater than their 
normal mean variation for the rough conditions under which they 
worked. Rand (14) has pointed out, however, that a difference 
of 2° or 3° in limits is not insignificant when conclusions are to 
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be drawn from the results with regard to the relative sensitivity 
of the peripheral retina. Because of the abrupt falling off in 
sensitivity just before the limit is reached, found by Ferree and 
Rand, and to be discussed later, a difference of 2° or 3° in limits 
represents quite a large difference in sensitivity, 1.e., a difference 
in sensitivity sufficent to raise the threshold for the different 
colors in some cases as much as 50 per cent, in others over 100 
per cent. 

The third view that the ranking as to breadth was fixed in the 
order of blue, red, green, has been held in clinical perimetry. Any 
deviation from this order or any interlacing of the fields was 
believed to be symptomatic of pathology. That this ranking is 
an artifact due to the selection of intensity of stimulus used will 
be demonstrated in the experimental section of the paper. 

In the first investigation made by Ferree and Rand (75) of the 
effect of intensity on the limits of color sensitivity, spectrum 
light was used, the intensity of which was specified in watts (10° 
ergs per sec.), and precautions were taken to control the other 
variable factors. Four intensities of spectrum light were em- 
ployed: the prismatic spectrum of a Nernst filament operated by 
0.6 ampere of current, intensity A; the colors of this spectrum 
reduced to 1/32 of their original intensity, intensity 1/32 A; an 
equal energy spectrum in which the colors used were all made 
equal in physical intensity to the blue (the color of least energy of 
the series called intensity A), intensity B; the colors of this series 
reduced to 1/32 of their original intensity, intensity 1/32 B. In 
addition a determination was made of the limits of sensitivity 
for the Hering pigments, red, yellow, green and blue, when 
illuminated by 130 foot-candles of daylight, and for the Heidel- 
berg pigments, red, green and blue, under 51, 17, 7, 3 and 0.3 
foot-candles. 

For the spectral stimuli, narrow bands in the region of 670mp; 
581mp; 522mp and 468mpz were used. In every case the light 
was examined for impurities at the analyzing slit by means of a 
small Hilger direct vision spectroscope provided with an illumi- 
nated scale. When found, impurities were absorbed by thin gela- 
tine filters, selected so as to cut out as little of the desired light as 
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possible. Other precautions exercised to control the influence of 
variable factors were as follows: (1) The determinations were 
made with the preexposure and surrounding field of the same 
brightness as the stimulus color at the limits of sensitivity. (2) 
The intensity of the general illumination was held constant at 
30.5 ft.-c. horizontal component, for the spectrum colors and 
130 ft.-c. for the pigment papers. This was accomplished by the 
use of an optics-room designed especially for the control and 
uniform distribution and diffusion of daylight illumination. 
(3) The amount of light entering the eye was made independent 
of variations in the size of the pupil. This control was easily 
obtained with the method of presenting the light to the eye used 
in the apparatus employed. That is, the light from the spectro- 
scope was first collimated and then focussed on the eye, forming 
an image of the analyzing slit in the pupil and causing the stim- 
ulus-opening in the campimeter screen to appear uniformly filled 
with light. All that was needed therefore to maintain the amount 
of light entering the eye at a constant value was to keep this image 
always of the same size and smaller than the pupil. The stimulus- 
opening of the campimeter screen formed a visual angle of 3°26’ 
at the eye. (4) The correctness and constancy of the position 
of the head was secured by biting a mouth-board, the position of 
which for the exact location of the eye at the center of the system 
had previously been determined by a convenient appendage to the 
apparatus described in the article referred to. 

At intensities A and B the limits of red, yellow and blue were 
found to coincide with the limits of white light vision. Green 
could not be made to have so wide an extent. At intensity 1/32 A, 
the fields in the order from widest to narrowest were red, yellow, 
blue and green. At intensity 1/32 B, in which the four colors 
had been made equal in intensity to the blue of the spectrum, 
1/32 A, the limits for red, yellow and blue interlaced or criss- 
crossed. That is, at intensity 1/32 A with the distribution of 
energies found in the prismatic spectrum of the Nernst filament, 
the limits were concentric with both red and yellow outside the 
blue; but at intensity 1/32 B, when the four colors were made 
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equal to the blue of 1/32 A, interlacing and not concentric limits 
were obtained. ? 

The Hering pigment stimuli under the intensity of illumination 
used, 130 ft.-c., horizontal component, also gave interlacing limits 
for red, yellow, and blue, with fields roughly comparable in breadth 
with those given by the spectrum of colors at intensity 1/32 B. 
With red, green and blue Heidelberg pigments under 51, 17 and 7 
ft.-c. of light, as has already been discussed in the section on 
general illumination as a factor, interlacing limits for red and 
blue were again obtained, although the limits for blue tended 
progressively to pass within those for red as the illumination was 
decreased; at 3 ft.-c. the limits were concentric for all but one 
point, where they were coincident, with the red field wider than 
the blue; and at 0.03 ft.-c. they had reversed for the greater part 
of the field, the limits for blue lying outside the limits for red. 

Results obtained then under carefully controlled conditions and 
objective measurement of the intensities of stimulus used, indicate 
that the extreme periphery of the retina is sensitive to color when 
sufficiently intense stimulijare employed and that for equal inten- 
sities, the only condition for which the true effect of distribution 
of sensitivities on the apparent limits can be ascertained, there 
is neither coincidence of limits for the colors red and green, blue 
and yellow, nor a concentricity of limits for the pairs of colors, 
nor is the order of ranking from widest to narrowest: blue, red 
and green, as is claimed by the clinicians. For the greater part of 
the retina, with equal intensities of stimuli, the apparent limits for 
at least red, yellow and blue are characterized by a greater or less 
amount of interlacing. 3 

Since the effect of such factors as intensity on the shape and 
size of the color fields and their order of ranking as to breadth 
can be understood only when a thorough knowledge is had of the 
actual distribution of sensitivities from point to point from 
center to periphery of the retina, and since a detailed investigation 
of the sensitivity gradient for the four colors red, green, blue and 
yellow from center to periphery of the retina has an important 
bearing on certain points of color theory, Ferree and Rand felt 
that a quantitative determination of the chromatic sensitivity of 
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the central and peripheral retina should be made. The deter- 
mination of the limits gives very little knowledge of the sensitivity 
of the retina as a whole and its changes from point to point. 

Prior to their work, very little investigation had been made of 
the sensitivity of the peripheral retina. Chodin (77), employing 
the Masson disc, had found that the size of sector needed to 
arouse the threshold sensation at the center was in order of 
smallest to greatest orange, yellow, green and blue; in the periph- 
ery, however, it was smaller for blue and yellow than for red 
and green. Raehlmann (78), using the Bunsen spectroscopic 
apparatus which provides for changes in the intensity of the 
stimulus by means of a Nicol prism, determined the thresholds 
for the different spectrum colors at the center and at 30° and 60° 
in the temporal quadrant of the horizontal meridian: He found 
the center of the retina most sensitive in order to green, yellow, 
blue, violet and red; the periphery, to yellow, blue, green, violet 
and red. Butz (79), using a similar apparatus, determined first 
the threshold value for each color at the center. Starting with 
this value as a unit, he then determined how much it had to be 
altered to give liminal sensations at 30° and at 60° in the hori- 
zontal temporal quadrant. He found (a) that the sensitivity 
increased from O° to 30° and decreased from 30° to 60°; (b) 
that the amount of increase in sensitivity from 0° to. 30°, and the 
amount of decrease from 30° to 60° were different for the differ- 
ent colors, i.¢., the ratio of liminal sensitivity to any two colors 
was not the same from center to periphery; and (c) that the 
amount of increase was greatest and decrease less in order for 
violet, yellow, blue, green and red. It would seem from the 
results obtained that the achromatic rather than the chromatic 
thresholds were determined by Butz. 

In none of these investigations had any specification of stimuli 
with regard to intensity been made. The only conclusion which 
can be drawn from the results obtained is that the comparative 
sensitivity to the different colors is not the same at the center and 
the periphery of the retina. 

In the investigation planned by Ferree and Rand a determina- 
tion was to be made of the achromatic and chromatic sensitivities 
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to wave-length that would be as quantitative as is possible in work 
of this type; that is, spectrum lights of definite composition and 
purity were to be used as stimuli and the intensity was to be 
measured in terms of energy. The determinations were to be 
made at near-lying points from center to periphery of the retina 
in several meridians. 

Such a study was begun and determination made of the thresh- 
olds of chromatic sensation in the nasal and temporal quadrants 
of the horizontal meridian (1). The work was interrupted at 
this point, however, by the pressure of other investigations, and 
the survey was not completed in the number of meridians planned. 
The stimuli used were narrow spectral bands in the regions of 
red (670 mz), yellow (581 mp), green (522 mp) and blue (468 
my). The method of obtaining the stimuli and the control of 
variable factors affecting the results were the same as those used 
in the investigation of the effect of intensity upon the limits of 
retinal sensitivity. 

From their summary of| results the following points may be 
cited: (1) The range of variation of sensitivity from the center 
to the periphery of the retina is great. For example, in the 
temporal quadrant the sensitivity to red was 900 times greater 
at the center than at the periphery, and for yellow, blue and green 
it was respectively 1650, 3280 and 3380 times as great. (2) The 
sensitivity decreased very irregularly and at a different rate in 
the different meridional quadrants. From this result, changes in 
shape would be expected to accompany changes in size of field. 
(3) The ratio of sensitivity to the different colors in the same 
meridional quadrant varied greatly from center to periphery. At 
some points, for example, the sensitivity to red was greater than 
to blue; at others the reverse of this was true. As the result of 
such shifts in relative sensitivity, reversals in order of ranking 
as to breadth of color fields should be expected with large changes 
in the intensity of stimulus or of any factor that causes extensive 
changes in size of field. (4) A red stimulus even of spectrum 
purity has the power of arousing the sensations both of red and 
yellow, red strongly and yellow weakly. At or near the point of 
reversal of the ratios of sensitivity to red and yellow comes the 
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change in hue from red to yellowish red. At this point the sub- 
threshold yellow becomes supra-threshold. The same is true for 
the green stimulus. These changes in hue are the normal changes 
for spectrum red and green in passing from the center to the 
periphery of the retina when there is no achromatic effect of pre- 
exposure and surrounding field, that is, when preexposure and 
surrounding field are of a gray of the brightness of the color, and 
when the illumination of the room is constant. 

Prior to the present study, there has been, so far as the writer 
knows, no other investigation of the color sensitivity of the pe- 
ripheral retina in which there has been a control of variable fac- 
tors and a quantitative treatment of the stimuli. From this study 
the pattern for the present study has been derived. 











Ill. EXPERIMENTAL 


The purpose of the present investigation has been a quantitative 
determination of the achromatic and chromatic thresholds of red, 
yellow, green and blue spectrum lights at near-lying points from 
the center to the periphery of the retina in as many meridional 
quadrants as possible. 

The nearness to each other of the points investigated was deter- 
mined by the rapidity with which the sensitivity decreased in the 
quadrants in question. In regions where the decrease was gradual 
the determinations were made at points separated by as much 
as 5° to 10°. In those regions, however, where the rate of change 
was rapid or other unusual features were present, the determina- 
tions were made at points separated by one or two degrees. 

The determinations were made under both dark and light adap- 
tation. For the work under light adaptation a general illumina- 
tion of 7 ft.-c. was used. In the selection of this intensity of 
illumination we were governed by the fact that 7 ft.-c. is the 
illumination of the arm of the Ferree-Rand perimeter which has 
been adopted as the standard instrument for office and clinical 
practice by the American Ophthalmological Society. The inten- 
tion was to make the present survey of the chromatic sensitivity 
of the retina under conditions that would render the results as 
nearly as possible applicable to the practice of perimetry. The 
determinations were made in the eight principal meridional quad- 
rants of the field—horizontal, vertical, and oblique. Determina- 
tions could be made only for the chromatic thresholds for this 
condition of adaptation. Under dark adaptation, however, both 
the achromatic and chromatic thresholds were determined, also 
the photochromatic interval. In this case it was deemed sufficient 
to make the determinations in only four quadrants—upper and 

lower vertical and temporal and nasal horizontal. 

The stimuli used were narrow spectrum bands in the red, 
672.5mp; in the yellow, 581.5my; in the green, 522mp; and in the 
42 
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blue, 468my. The intensity of the stimulus lights was measured 
and the amount of light entering the eye for each determination 
specified in energy units. 

Because of the-range of work covered it was found possible to 
use only ns observer) The normality of the observer was care- 


fully teste ‘as to acuity, light and color sensitivity, and visual 


fields. Moreover, the eye used in the investigation was refracted 
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Temp oral Field! Nasal Field 


Ficure 1. Showing refraction of the eye from center to periphery of the 
field in the 180° meridian. 


from center to periphery in the nasal and temporal quadrants by 
means of a Zeiss refractionometer modified to serve the pur- 
pose. 

The condition of refraction of the peripheral field is shown 
in Fig. 1. In this graph the error of refraction at the different 
points is represented by the diopters of correction that would be 


1 For this refraction the writer is indebted to Dr. Gertrude Rand. 
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needed to produce emmetropia. The point in the field at which the 
examination was made is represented on the horizontal coordinate 
and the correction in diopters required to produce emmetropia on 
the vertical coordinate. No correction, or the condition of emme- 
tropia, is designated by the horizontal zero line through the center 
of the graph. Above this are plotted diopters of hyperopia and 
below it diopters of myopia. Since it was the left eye of the 
observer that was used, the nasal field is represented on the right 
half of the chart, the temporal field on the left half. 

From an inspection of the graph it will be seen that for the eye 
in question a condition of compound myopic astigmatism occurs 
from a point 20° on the temporal to a point 10° on the nasal side 
of the center of the field. At these points the condition changes 
to that of a simple myopia. From 10°-28° in the nasal and from 
20°-25° in the temporal field the condition is again that of com- 
pound myopic astigmatism; and from 28°-50° in the nasal and 
25°-56° in the temporal field, the condition is that of a mixed 
astigmatism with myopia predominant. The interval between the 
primary and secondary foci, known as the interval of Sturm, 
measures the degree of astigmatism. With reference to the 
refraction of the peripheral field, an examination of 21 cases in 
the Bryn Mawr laboratory and the Wilmer Ophthalmological 
Institute’ showed that at least two types of eye may be found. 
In one, the more common type, a mixed astigmatism is found in 
the far periphery as is the case with the eye represented here, 
and in the other a compound hyperopic astigmatism. Without 
going into details here as to the effect of the refraction char- 
acteristics of the peripheral field on determinations of sensitivity, 
it will be sufficient to say that the eye used in these experiments 
belongs to what is probably the more common type. 

For an investigation of the kind made in this study, the follow- 
ing provisions were needed: 

1. An apparatus for presenting to the eye spectrum lights of 
high intensity and free from impurities throughout the range of 


wave-lengths selected. 
1 This study will be soon published by C. E. Ferree, G. Rand and C. Hardy. 
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2. Devices for reducing the intensity of the spectrum light con- 
tinuously and by known amounts to very low values. 

3. An apparatus for measuring the energy of the stimuli em- 
ployed. 

4. Provisions for a precise control and reproduction of the 
intensity of illumination of the campimeter screen. 

5. Provisions for the control of fixation. 








Ficure 2. Showing the apparatus assembled for work. 


6. Provisions for making the determinations under light and 


dark adaptation. 
A photograph of the apparatus is given in Fig. 2; the arrange- 
ment of the apparatus and the path of the beam of light from 


the source to the eye are shown in Fig. 3. 
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ACHROMATIC AND CHROMATIC SENSITIVITY 


A. APPARATUS, 
1. The Source of Light. 


A tungsten lamp provided with a ribbon filament, made by the 
Nela Research Laboratories, was used as the source of light. The 
following reasons may be assigned for the use of this lamp: The 
Nernst filament used in much of the previous work can no longer 
be obtained. Moreover, the tungsten ribbon filament lamp gives 
a higher intensity of light and is less troublesome to use than the 
Nernst filament. Also, when properly seasoned, it has been 
found to give the desired constancy in composition and intensity 
of light. As used in these experiments the lamp was operated 
at 18 amperes, direct current. 

The lamp is so constructed that direct radiations from the 
filament cannot be used satisfactorily for the illumination of the 
slit of the spectroscope. An image of the same size and shape 
as the filament was therefore focussed on the slit by two lenses, 
Li and Le, of the same focal length, 10 cm., one acting as a colli- 
mating, the other as.a focussing lens. This image served to fill 
the slit completely and to give a uniform illumination of the face 
of the prism. 

The lenses were amounted in proper alignment on a heavy 
metal bar continuous with the collimator arm of the spectroscope. 
The lamp and lens Li were enclosed by a metal housing in the 
anterior wall of which had been cut a circular aperture, 7 cm. in 
diameter, to permit of the emergence of the collimated beam of 
light. The housing was painted mat black inside and outside and 
was provided with light-proof ventilators. The focussing lens 
Le was mounted 8 cm. in front of the aperture of the lamp house. 

The weight of the lamp with the auxiliary housing and lenses 
made it advisable to provide additional support to prevent undue 
strain on the collimator arm. This was accomplished by extend- 
ing a rod from a point directly under the center of the lamp house 
to the table. A ball and socket castor on the lower end of this 
rod, travelling over the smoothly surfaced table top, gave a mini- 
mum of impedance to the rotation of the collimator arm. The 
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lamp was connected in series with two rheostats, and a Weston 
ammeter graduated to 0.25 amperes. One of the rheostats was 
used to produce gross changes of current ; the other, to compensate 
for small fluctuation in the line. 





























2. The Spectroscope. 


A diagrammatic representation of the spectroscope is shown in 
Fig..3. Si is the collimator slit; Ls the collimating lens; Pr the 
prism ; Ls the objective lens ; Se the objective slit; and Ls and Le, 
auxiliary lenses used to focus the light on the eye. 

The length of the collimator slit was 12 mm.; the width, 1.05 
mm. The width of the slit was kept constant throughout the 
experiment. A comparatively wide slit, was needed in order 
(1) that the energy measurements might be made with precision, 
and (2) that the light intensities obtained should be sufficiently 
high to meet the somewhat unusual requirements of the experi- 
ment. 

The objective slit, S2, was 0.342 mm. in width and adjustable 
in height. The full gia of 10.4 mm. was used for the radio- 
metric measurements in order that an intensity sufficiently high 
for the energy measurements might be obtained. For the presen- 
tation of the light to the eye a much shorter slit was needed. That 
is, the image which was focussed on the eye had to fall entirely 
within the pupil. To satisfy this requirement the height of the 
slit was reduced to 1.85 mm. 

The collimator and objective lenses were Zeiss triple achromats, 
60 mm. in diameter, with focal lengths of 180 mm. and 240 mm. 
respectively. The prism, Pr, was 100 mm. high. The length 

of the refracting base was 115 mm. and the refracting angle was 
60°. Because of its large size a liquid (CS2) prism was used. 
In order to guard against changes in the refractive index, great 
care was exercised to keep the CSe free from impurities and to 
maintain the temperature of the room as constant as possible. 
¢ Minimum deviation for all wave-lengths falling on the objec- 
Lt tive slit was obtained automatically by means of an attachment 
1 designed specially for the purpose. This device may be 
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described as follows: K (Fig. 3) “is a rod fastened to the prism 
table in such a position as to be continuous with the radius of the 
table which bisects the refracting angle of the prism; X and Y 
are two rods of equal length fastened at one end to the two arms 
of the spectroscope at points equidistant from the center of the 
prism table, and at the other to a collar Z, which is free to play 
back and forth along rod K. M is a micrometer screw with a 
graduated head which is used to move the collimator arm through 
the small angles needed to change the wave-length. Opposite 
this screw is a plunger working against a spring. The collimator 
arm is held between the screw and the plunger so that it responds 
to a movement of the screw in either direction. By this attach- 
ment the prism is always turned through half the angle traversed 
by the collimator arm in changing the wave-length. Therefore, 
if the prism is once set for minimum deviation for the D-line, 
there will also be minimum deviation for any other wave-length. 
That is, when the prism is set for minimum deviation, the line 
bisecting the refracting angle of the prism also bisects the angle 
made by the incident and emergent rays; hence if in changing the 
wave-length the angle between the incident and emergent rays 
be changed a given amount by a movement of the collimator arm, 
the prism must be moved through half that angle in order that 
the line which bisects its refracting angle will also bisect the 
angle made by the incident and emergent rays.””* 

The wave-length of the light falling on the objective slit was 
determined by means of a small Hilger direct vision spectroscope 
calibrated for wave-length. Care was taken to check the wave- 
length at frequent intervals during each period of work. 

In any quantitative work on retinal sensitivity it is very im- 
portant that the light employed be as homogeneous as possible as 
to wave-length. Determinations made in this laboratory without 
provisions for absorbing impurities due to scattered light, internal 
reflection, etc., show differences large enough to be considered 
significant. The aim in this study has been to obtain a degree of 

1M. M. Monroe, The energy value of the minimum visible chromatic and 


achromatic for different wave-lengths of the spectrum, Psychol. Monog., 
1925, 58, 17-18. 
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purity such that any part of the spectrum used shows only one 
band of homogeneous color when examined by a second spectro- 
scope. That this degree of purity might be obtained, the follow- 
ing precautions were observed: All stray light and internal reflec- 
tions were eliminated so far as was possible by enclosing all light 
sources and by blackening every surface that might reflect or 
admit extraneous light into the path of the refracted beam. The 
light from the room was excluded by completely enclosing the 
spectroscope and auxiliary optical system in a light-proof com- 
partment. Even with these precautions, however, some impurities 
remained, chiefly due to reflections from the surface of the lenses. 
These residual impurities, found in the spectrum produced by 
every lens-prism spectroscope, were absorbed by very thin gelatine 
filters selected so as to cut out the alien wave-lengths and reduce 
the useful light as little as possible. These filters were held in 
place over the objective slit by small metal clips fastened to the 
plate containing the slit. The filters were used both for the radio- 
metric measurements and for the threshold determinations. 


3. The Auxiliary Optical System. 


The method of presenting the spectrum light to the eye has 
already been described in several publications from this laboratory 
(80, 81, 82). <A very brief description only will be given here. 
The light emerging from the objective slit Se was collimated by 
the lens Ls and then focussed directly upon the eye by the lens 
Le. This latter lens had a focal length of 275 mm. 

The principle employed in this system is the same as that used 
when the eye is placed at the objective slit of the spectroscope. 
That is, when the eye is placed at the principal focus of a convex 
lens receiving parallel rays of light, the lens appears to fill uni- 
formly with light. The principle has been modified, however, to 
give a better control of conditions and a wider range of service- 
ability than is attained when the eye is placed at the slit of the 
spectroscope. Instead of placing the eye at the slit, a lens, Ls, 
is placed at its focal length from the slit and the parallel beam 
thus obtained is focussed on the pupil of the eye by a second lens, 
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Le. The latter lens, therefore, is seen uniformly filled with light 
and the colored field which it presents is diaphragmed down to 
the desired size by a circular opening in the screen Sc. Among 
the advantages gained by this method of obtaining the stimulus 
field, the following may be noted: (1) So controlled, the amount 
of light entering the eye may more easily and conveniently be 
made independent of variations in the size of the pupil than by 
placing the eye at the objective slit of the spectroscope. (2) The 
variable effects of brightness of preexposure and surrounding 
field may be eliminated. (3) Ample room is provided for insert- 
ing in the path of the beam the apparatus which is needed for 
reducing the intensity of light or for other purposes which may 
be required. And (4), so supplemented the spectroscope may be 
used in connection with the rotary campimeter for the investi- 
gation of the sensitivity of any part of the retina, central or 
peripheral. 

The screen Sc. noted above was located at a distance of 25 cm. 
from the eye. At the center of this screen is a circular aperture 
5.627 mm. in diameter. At 25 cm. from the eye this opening 
subtends a visual angle of 1°16’. This size of stimulus was used 
throughout the investigation. The screen is part of a rotary 
campimeter. It is designed to rotate on a collar around a circular 
support, thus adding to the vertical campimeter the features of 
the perimeter. To this collar, the back surface of which is 
graduated from 0°-360°, are attached the radiating arms of the 
framework. One of these arms carries the device used for the 
control of fixation, also a right-angled extension which allows the 
fixation to be taken at an eccentricity of 110°. This arm can be 
rotated any desired amount and its angular position be read on 
the scale. Also a given position can at any time be duplicated 
with ease and precision. An apparatus of this kind permits of a 
point by point investigation in every meridional quadrant in the 
field with as much accuracy and convenience as was possible before 
with the old form of campimeter in the temporal quadrant alone, 
or at most in the temporal and nasal quadrants. For a detailed 
description of the campimeter and the method of using it with 
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spectrum light, the reader is referred to articles by Ferree and 
Rand, “ Description of a Rotary Campimeter,”’ Amer. J. Psychol., 
July 1912, 23, pp. 449-453 ; and “A Spectroscopic Apparatus for 
the Investigation of the Color Sensitivity of the Retina, Central 
and Peripheral,” J. Exper. Psychol., June, 1916, 1, no. 3, 247- 
283. 

The dimensions of the image focussed on the eye were 
3.596 mm. x 0.7463 mm. They were determined by photograph- 
ing the image on a plate mounted in the plane of the pupil and 
measuring the image with a micrometer comparator. 

The position of the eye at the focal point of the lens Le was 
fixed by having the observer bite a mouth-board on which the. 
impression of her teeth had been previously made and hardened 
in wax. For convenience of adjustment, this mouthbit was 
mounted on a support which could be shifted by a screw adjust- 
ment backward and forward, up and down, and right and left. 
The mounting of the mouthbit on the support was such as to 
permit of swivel movements about the horizontal and vertical 
axes. Any position of the bit in the vertical and horizontal planes 
could thus be obtained. This versatility of adjustment of sup- 
port and bit made it possible always to locate the eye easily and 
conveniently in the exact position needed to receive the beam of 
light on the pupil at the proper distance from the screen and to 
reduce greatly the amount of rotation of the eye required for the 
more eccentric fixations by a rotation of the head in the same 
direction. The procedure in making the adjustment was as 
follows: The head was turned by means of the swivel move- 
ments until the desired fixation could be taken with ease and com- 
fort. The eye was then moved by the three-way system of adjust- 
ment, right or left, up or down, back or forward, until the stim- 
ulus opening was seen to fill evenly and uniformly with light. 
The support and bit were then securely clamped in position. 
With these controls the eye could not only be held in a fixed posi- 
tion throughout a given series of observations but could be 
returned to this position whenever desired. Moreover, both an 
objective and subjective check on the correctness of the relation 
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of the position of the eye to the optical system could be had at 
any time. 

Difficulty was encountered in controlling the fixation for 
threshold determinations with the dark-adapted eye. For deter- 
mining the threshold for central vision this difficulty was over- 
come by locating four points just within the margin of the 
Mariotte spot, two in the vertical and two in the horizontal meri- 
dian. These points were located with the eye fixating a point at 
the center of the field under an intensity of illumination at which 
such a control of fixation was satisfactory. These points were 
then covered with luminous paint. As they were just within the 
margin of the blind spot they were invisible so long as the eye 
held its proper fixation. A slight movement in any direction, 
however, was indicated by the appearance of one or more of these 
points. This device provides not only an extremely sensitive 
means of detecting inaccuracies of fixation, but also detectors 
which are invisible during the process of fixation. 

It might be supposed that for the peripheral determinations a 
luminous dot might have been used which could be moved from 
point to point as the fixation was shifted toward the periphery. 
It would have been impossible to use such a dot for control of 
fixation at the center of the field because its presence would have 
interfered with the determination of the threshold, but for work 
in the peripheral field this difficulty was not encountered. It 
scarcely need be pointed out, however, that a luminous dot or 
point in a dark field provides a very inadequate control of fixation. 
Moreover, with a dark-adapted eye small luminous dots or patches 
were found to disappear when fixated and a considerable lapse of 
fixation, amounting to as much as 1° in any direction, was pos- 
sible before the point reappeared. A plan for control of fixation 
was finally adopted similar in principle to the use of the Mariotte 
spot for the determinations at the center of the field. In this case 
advantage was taken of the depressed sensitivity at the center 
of the field which could be made to serve as a blind spot for dots 
or small patches of very low luminosity. That is, four dots of 
luminous paint were made on the head of a thumb tack at the 
corners of a square inscribed in a circle of a diameter of 2°. The 
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luminous intensity of these dots was made such that when the 
center of the circle was fixated all were invisible. Any lapse of 
fixation, however, brought one or more of the dots into view. 
The searching movements elicited by the lack of a visible fixa- 
tion point together with the well-known reflex tendency of the eye 
to adjust itself to the position of clearest seeing, in this case to 
bring the luminous points clearly into view by an eccentric 
fixation, made this method of control difficult at best and one 
requiring considerable practice before the desired degree of 
accuracy was obtained. With an adequate amount of practice, 
however, it proved to be feasible and was, moreover, the only 
method found which could be made to give a sufficiently accurate 
and delicate control of fixation under the unusually difficult con- 


ditions obtaining in these experiments. 


4. Apparatus for Reducing the Intensity of the Spectrum Light. 


In a study of this type it is necessary to have a means of mak- 
ing both gross and fine changes of intensity. The gross changes 
are needed to cover the wide range between the smallest value of 
the threshold and the initial intensity of stimulus required for an 
accurate measurement of energy. The finer changes are needed 
for delicacy and precision in making the determinations of the 
threshold at all levels of sensitivity. 

The limiting values of the intensity scale for the different 
stimuli used are shown in Table 1. [In this table are given in 
watts x 10°" the full intensity of the stimulus used, the lowest 
value of threshold (achromatic), and the ratios which these 
values sustain to each other. It was thought to be of interest to 
include in the table also the highest value of threshold (chro- 
matic), and the ratio of the lowest to the highest values in order 
to show the wide range of variation in the sensitivity of the 
retina to radiation. As is seen in the table, the greatest reduction 
of intensity is needed for the green stimulus, the ratio of the 
lowest value of the threshold to that of the stimulus being ap- 
proximately 1: 83,000,000. The largest ratio of lowest to highest 
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value of threshold occurs also in the green. Its value is approxi- 


mately 1 : 6,500,000. 


Three devices were used for producing changes of intensity: 
gelatine filters and a specially prepared set of sectored discs for 
the gross changes; and a pair of finely graduated gelatine wedges 
designed to give uniform intensity throughout the cross section 
of the beam of light, for the finer changes. 

The sectored discs. Six discs with fixed open sectors were 
used. By means of these discs the greater part of the reduction 
of intensity was made. They were constructed to give trans- 


TABLE 1 

















Showing the limiting values in the intensity scale for the different stimuli employed in the 
investigation. 
Ratio of 
Initial | Highest | Lowest Ratio of lowest 
intensity| value of | value of | lowest value | to highest 
Stimulus of _|thresholdithreshold} of threshold | value of 
stimulus} (watts | (watts | to initial threshold* 
(watts | x 10°" | x 10°%) | (numerical | (numerical 
x 10°") value) value) 
Red (672.5 mpz).....................| 858,200} 27,140) 0.020 /1 :42 ,910 ,000} 1 :1 ,357 ,000 
Yellow (en. Ge)... ........ 2.2... 120 ,930| 6,784 00016911 :71 ,556 ,213) 1 :4,014 ,201 
Green (522 muz).....................| 67,090) 5,231) 0.00081)1 :82 ,827 ,160) 1 :6 ,458 ,025 
Blue (468 myz)......................| 21,660! 8,127) 0.00368)1: 5880 879 1 :2 ,208 ,424 

















*Ratio of highest (red) to lowest (green) value of threshold: 1:33,500,000. 


missions of approximately */4, */s, */16, */s2, */es, */128. The 
values of the open sectors were: measured on a micrometer com- 
parator, and the exact transmission computed from the simple 
_law of the disc. The total values of the sectors for each disc 
were 90°1'; 45°7’; 22°42’15”; 11°58; 6°8’; and 3°7’30” re- 
spectively ; the transmissions were 25.00 per cent, 12.53 per cent, 
6.17 per cent, 3.32 per cent, 1.7 per cent, and 0.87 per cent. The 
discs were rotated across the beam of light. by means of a motor 
suspended by three coiled springs so attached as to form a three- 
point support. These springs served both to hold the motor in 
position and to absorb all disturbing vibrations. 

The gelatine filters. The gelatine filters used to supplement the 
sectored discs for making the gross reductions of intensity were 
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25 mm. x 25 mm. Their transmissions were approximately 4, 
1%, %, and 1/16. These filters were furnished and their density 
specified by the Eastman Kodak Company. The transmissions 
were calculated from the formula: 


Density = log [ 1/transmission]. 


A holder designed to take any combination of filters up to eight 
was placed directly in front of the lens Le. The filters were 
placed in close contact with the lens in order to preclude the 
possibility of the passage of any residual stray or scattered light 
through the opening in the screen to the eye of the observer. 


The double wedges. The final reduction of intensity was made 
by means of the two wedges mounted immediately in front of 
the objective slit. Obviously, for an accurate determination of 
the threshold two things are. essential: a means must be had of 
making very small changes of intensity; and the method em- 
ployed must insure a completely uniform reduction throughout 
the cross section of the beam of light. A single wedge such as 
is ordinarily employed, while possibly meeting the first of these 
conditions does not give the required uniformity of reduction in 
the cross section of the beam. When placed in front of the slit, 
no matter how fine the gradations in density, a slight difference 
in transmission between the opposite edges of the used portion 
of the single wedge, is unavoidable. The double wedge was 
designed to obviate this difficulty. These two wedges were made 
according to specification and calibrated by the Eastman Kodak 
Company. Like the filters, they were made of neutral tinted 
gelatine mounted between glass plates. The wedges were identical 
in size and shape, each measuring 180 mm. x 20 mm., and were so 
constructed as to cover the same range of transmission. They 
were mounted parallel to each other in holders operated by a rack 
and pinion device. This device was so arranged that when the 
pinion was turned, one rack was engaged by the cogs at the top 
and the other by those at the bottom. The holders, attached to 
these racks, were thus caused to move by equal amounts in 
opposite directions, each wedge travelling past the other through 
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a path equal, if need be, to twice the length of the wedge, 1.¢., 
from a position of juxtaposition at the point of least density at 
the thin end of each wedge to a position of juxtaposition at the 
point of greatest density at the thick end of the wedge. 

Since the density gradients of the two wedges are identical, 
and the wedges move in opposite directions, it is obvious that 
the resulting densities will be the same from point to point 
throughout the overlapping section. A consideration of the range 
of movement shows further that a series of densities may be 
obtained varying by minute amounts from the sum of the mini- 
mum densities of both wedges through the sum of the minimum 
of one and the maximum of the other to the sum of the maxima 
of both. The density in this case also equals log [1/transmission ]. 
The wedges used in this investigation have a transmission ranging 
from 82.8 per cent to 25.5 per cent. 

As the wedges were well within the light-proof compartment 
enclosing the spectroscope, they were beyond the reach of the 
observer. In order that the transmission of the wedges might 
be varied by the observer while making a threshold determination 
the following device was used: The pinion which moved the 
wedges was mounted at one end of a short horizontal rod. At 
the other end was a sprocket wheel. This sprocket wheel was 
connected by a chain device to a second sprocket wheel directly 
beneath, mounted at one end of a long rod which passed under 
the campimeter screen to a point within easy reach of the ob- 
server. At the end of this rod was a small gear with a milled 
head. When turned, this gear engaged a larger gear on the front 
of which was mounted a circular plate or dial with a beveled edge. 
On this edge was a graduated scale calibrated against the linear 
scale of the wedges. As the density and the percentage trans- 
mission of each wedge in relation to this latter scale were known, 
it was a comparatively simple task to convert the dial readings 
into percentage transmission of the two wedges. The smallest 
division of the dial scale corresponded to a change of 0.4 to 0.8 
per cent in the intensity of light, while a change of 0.2 per cent 
could be interpolated with a fair degree of accuracy. These 
amounts of change were sufficiently below the threshold of dis- 
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crimination to satisfy fully the requirements of precision in 
making the determinations over any part of the scale of intensi- 
ties used in these experiments. 


5. The Radiometric Apparatus. 


The apparatus consisted of a Coblentz linear thermopile; a 
sensitive Thomson galvanometer especially constructed for use 
with this thermopile ; and various accessories, including a sensi- 
tivity tester for the galvanometer, resistance coils to reduce the 
amount of current from the thermopile, and a reading telescope 
and scale. For a detailed description of this apparatus the reader 
is referred to an article by Ferree and Rand: “ Radiometric 
Apparatus for Use in Physiological and Psychological Optics ”’, 
Psychol. Monog., No. 103, pp. 54-65. 


B. METHODS AND .CONDITIONS OF WoRKING. 
1. The Radiometric Measurements. 


Measurements were made both at the objective slit and at 
the eye. The procedure used in making the measurements may 
be described as follows: “ The thermopile to be used was placed 
in position immediately behind the slit and a blackened aluminum 
shutter was interposed in the path of the beam of light between 
the slit and the end of the objective tube of the spectroscope. 
Preliminary to the exposure of the thermopile to the light to be 
measured, the current sensitivity of the galvanometer was tested 
by means of a special device provided for this purpose in the 
construction of the galvanometer. With regard to this procedure 
it may be pointed out that the current sensitivity of the galva- 
nometer varies with the period or time of the single swing of its 
needle system. Since it is not possible to control the field so as 
to get this period always the same, it is necessary, if results are 
to be compared, to take some sensitivity as standard and to con- 
vert all readings into deflections for the standard sensitivity by 
means of a correction factor determined at each sitting. (For a 
detailed description of the method of determining this factor, see 
Psychol. Monog., No. 103, pp. 60-65.) 
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“The thermopile was next connected with the galvanometer 
and the light allowed to fall on its receiving surface until a 
temperature equilibrium was reached (ca. 3 sec. for our ther- 
mopile). The deflections were read by means of the telescope and 
scale and the readings corrected to standard sensitivity by means 
of the factor previously determined. The final step in the process 
of measuring was the calibration of the apparatus, 1.¢., the value 
of 1 mm. of deflection in radiometric units was determined for 
the area of thermopile exposed. To do this a radiation standard, 
the value of the radiations from which is already known, had to 
be employed. The standard used by us was a carbon lamp spe- 
cially seasoned and prepared for the purpose by W. W. Coblentz. 
This lamp was placed on a photometer bar 2 meters from the 
thermopile and operated at one of the intensities for which the 
calibration was made, in our case 0.40 ampere. The thermopile 
was exposed to its radiations with the same area of receiving 
surface as was used in case of the lights measured, and the gal- 
vanometer deflection was recorded. From the deflections obtained 
the value of 1 mm. of deflection, or the radiation sensitivity of 
the apparatus under the conditions given, was computed from 
the known amount falling on the surface of the thermopile. 
Having the factor expressing the radiation sensitivity of the 
apparatus, the deflections produced by the wave-lengths of light 
measured were readily converted into energy units.” (Psychol. 
Rev., 1919, 26, no. 1, p. 21.) 

The radiation sensitivity of the thermopile as used in the 
present investigation was computed from the following data: 
The energy value of the radiation from the standard lamp at a 
distance of two meters, operated at 0.40 amp. of current, was 
90.7 watts x 10° per sq. mm. of receiving surface. The deflec- 
tion of the galvanometer produced by this intensity of radiation 
falling on the same area of receiving surface as was used in 
measuring the lights employed as stimuli, when corrected (a) to 
a standard sensitivity (i) of 1 x 10- amp. per mm. of deflection 
and (b) for the absorption of the glass cover of the thermopile, 
was 283.87 mm. The area of the surface exposed was 3.557 
sq.mm. The sensitivity of the instrument for this area of receiv- 








~ eg tea ee . 

=a i - Pe et ortint ot 

Se eg EP Sete esos 
~ ; 
nate 


ere ss a 
= bee 
ys ae 
re ap ee 








Sa iene eaten al * 
Ee ge ae ng een Se alate 
ba tnt t np ite : 
BH seq Stare o Jag SES F< ' 






































-t ns 


SYS 
ro 


ae ae 


Stas oGe * 
= a 


ea hate 


“Se R I 


eet atin Be 


is ees 
AS et 5 a te 
eet aes dentate 


= = 


an 
AE Pie: | 





Ss ah SRE Tr aie ee 


60 HAZEL AUSTIN WENTWORTH 


AE aT See ot 


ing surface was, therefore, 113.65 watts x 10-!° per mm. deflec- 
tion. By means of this factor the galvanometer readings produced 
by the different wave-lengths of light were readily converted 
into the energy values of the light falling on the receiving surface 
cf the thermopile. For the purpose of the present investigation 
it was needed to know also the energy value of the light entering 
the eye. This is sufficiently great only in case of the long wave- 
lengths of the spectrum to be measured with the required pre- 
cision. It was necessary therefore to measure all the wave- 
lengths used at the objective slit and the red or yellow at the eye, 
and from the comparative energies of the latter at the two places 
to determine a correction factor which would represent for all 
the colors the reduction of light from objective slit to eye. In 
order to determine this reduction factor with precision a larger 
area of receiving surface of the thermopile had to be exposed 
to the light than the actual area of the image at the eye. It will 
be remembered that the height of the objective slit and conse- 
quently the height of the image focussed on the pupil of the eye 
were adjustable. In the present work the receiving surface of 
the pile used to measure the light at the eye was 0.7366 mm. x 
11.138 mm., or 8.204 sq. mm. The value corresponding to 
1 mm. deflection of the galvanometer for this area of receiving 
surface was 96.1 watts x 10°. Since the focussed image was 
of uniform density, the energy for the area of the image at the 
eye, 3.596 mm. x 0.7463 mm., or 2.684 sq. mm., could be readily 
determined. The reduction factor of the light from the objective 
slit to the eye was computed from the following data: energy 
of red radiation at the objective slit, 4872.56 watts x 10°; at 
the eye, 35.17 watts x 10°°. The ratio of these two values gives 
a reduction factor of 130.85. The value 35.17 watts x 10° was, 
however, obtained for an exposed area of pile at the eye equal 
to 8.204 square millimeters, while the area of the focussed image 
was but 2.684 square millimeters. Therefore, to obtain the 
energy actually entering the eye, the reading at the objective 
8.204 
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The values obtained for the total energy at the eye were: 


Red (672.5 mp), 858.2 watts x 107 
Yellow (581.5 mp), 120.93 watts x 107" 
Green (522.0 mp), 67.09 watts x 10-° 
Blue (468.0 mz), 21.66 watts x 10-'° 


All energy measurements necessary for the present investigation 
were made by Dr. Gertrude Rand. For this service the writer 
wishes to express her thanks and very great indebtedness. 


2. Conditions under Which the W ork Was Done. 


As two series of determinations were made, the one with a 
light-adapted, the other with a dark-adapted eye, the following 
conditions were necessary. 

(a) Dark Adaptation. The apparatus was set up in a light- 
tight dark room, the walls, floor and ceiling of which were painted 
a mat black. Conditions for complete dark adaptation were 
further provided for by enclosing both the source of light and 
the spectroscope with its auxiliary apparatus for presenting the 
light to the eye in light proof compartments. 

(b) Light Adaptation. For the work under light adaptation, 
the screen of the campimeter Sc was illuminated to an intensity 
of 7 ft.-c. by a 75-watt, bowl frosted, type C2 Mazda lamp, 
operated by ammeter and rheostat control. The light from the 
lamp was directed to the screen by a reflector placed above the 
head of the observer at such an angle as to give an optimum 
evenness of distribution of light. The illumination was measured 
by means of a Macbeth illuminometer, with the test-plate 
mounted in the vertical plane and centered over the stimulus 
opening. The component of the illumination measured was 
thus the component to which the eye was adapted. 

The field surrounding the stimulus, and the preexposure were 
always maintained as nearly as possible at the same brightness 
as the stimulus at the threshold value of sensation. Hering 
standard gray papers were used for this purpose. It was found 
necessary to change the brightness of the surrounding field and 
preexposure frequently for each stimulus because the bright- 
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ness value of the color at the chromatic threshold changes quite 
rapidly from the center to the periphery of the retina. Two 
reasons for this change may be offered: (1) the intensity of 
the light necessary to give a chromatic threshold from point to 
point has to be greatly increased in passing from center to pe- 
riphery, and (2) the achromatic value of the colors does not re- 
main constant for all parts of the retina. The gray that matched 
the stimulus in achromatic value at each point was determined 
by the equality of brightness method. The match was always 
made for the part of the retina under investigation. The method 
used was as follows: The threshold was first obtained with 
no especial control of brightness of preexposure or surrounding 
field. The brightness of preexposure and surrounding field were 
then made to match that value of stimulus and the threshold was 
redetermined. This procedure was repeated until no further 
change in these surfaces was needed to match the stimulus in 
brightness at the threshold value obtained. In order to make 
the specification of the brightness of the preexposure and sur- 
rounding field independent of the illumination of the room and 
of the variability of different issues of the Hering papers, it 
was expressed in millilamberts, in accordance with the formula: 


millilamberts = foot-candles x 1.076 x reflection coefficient 


For reproducibility of conditions from time to time and for 
comparative work in various laboratories it is obvious that a 
photometric specification should be given of the brightness of 
all surfaces for which precision of control is of importance to 
the results of the work. 


3. The Method of Observation. 


Each series of determinations was preceded by an adapta- 
tion period. Forty-five minutes of adaptation in the dark room 
and thirty minutes in the light room were found to be sufficiently 
long to give constancy of results. 

The observer was seated in front of the apparatus, the eye 
being at the focal length of the lens Le. Steadiness of fixation 
was insured by means of the mouthbit and fixation devices pre- 
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viously described. The eye not being investigated was lightly 
covered with a soft black silk patch. 

In making the determination the threshold was approached 
by ascending and descending series. To avoid loss of sensi- 
tivity through fatigue or adaptation to the color in question the 
stimulus opening was covered between judgments by a preex- 
posure card of a gray the brightness of the color at the threshold, 
and an exposure-time of only one second was used. For each 
threshold value a number of independent observations * were 
made and the average taken. An average error not greater than 
1 to 1.5 per cent was demanded as a limit of precision. The 
settings of the dial during dark adaptation were read by the ob- 
server by means of a small flashlight so covered with black cloth 
as to give the minimum illumination required to make the 
reading. A few minutes weré allowed after each reading for 
the eyes to regain its previous level of adaptation.?7 To guard 
against sensory and general fatigue frequent rest periods were 
allowed. Also, in order that for comparative purposes the gen- 
eral level of sensitivity might be kept as nearly constant as 
possible throughout the entire investigation the beginning of 
each new series of determinations was preceded by checking 
the results of previous determinations at one or more points. 
If a change were found the observations were not continued at 
that time. It is obvious that in a case of this kind where a 
number of results taken at different times have for any reason 
to be compared, the same type of precaution has to be applied 
to the use of the sense organ as is exercised in connection with 
a galvanometer or other physical recording instrument whose 
sensitivity is liable to vary from time to time. 


1In general four or five independent observations were made for each 
threshold determination. As many as seven or eight and as few as three were 
made occasionally, however, depending upon the variability of the settings 
obtained and the subjective difficulty of the observations. 

2 That this level was not seriously disturbed by the short exposures to dim 
light required to make the readings was assumed on the basis of constancy of 
the readings obtained by this method and the statements made by Parsons, 
Charpentier, and others that momentary exposures to bright light affect the 
curve of dark adaption only temporarily. 
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IV. RESULTS. 


Before proceeding to the detailed discussion of the results of 
the investigation, a brief survey of the data to be presented 
will be given. 


I. In the form of tables. 


(a) The amounts of energy required to arouse the chromatic 
threshold sensation for the four spectrum stimuli, light adapta- 
tion (Tables 2-9); the chromatic thresholds, dark adaptation 

—€Tables 14-17); the achromatic thresholds, dark adaptation 
(Tables 20-21). Included in the tables for chromatic thresholds 
are the hue changes which occur in the threshold sensation from 
point to point; and in the tables for light adaptation, the bright- 
ness in millilamberts of the surrounding field and preexposure 
used. The latter furnishes an approximate measure of the bright- 
ness of the stimulus of threshold value, since at each point inves- 
tigated under light adaptation the brightness of the surrounding 
field and preexposure was matched as nearly as possible to the 
threshold sensation. The thresholds were obtained at near-lying 
points from center to periphery of the field in several meridional 
quadrants.’ 

(b) Chromatic sensitivity, light adaptation (Table 10) ; chro- 
matic sensitivity, dark adaptation (Table 18); achromatic sen- 

1In these and other results given in this study reference of the points in- 
vestigated is made to the field of vision rather than to the retina because it is 
impossible to determine for any given point in the field of vision what the 
corresponding point on the retina is without a knowledge of the net displace- 
ment, if any, of the image toward the principal axis of the refracting system 
as the beam of light enters the eye more and more obliquely. The factors 
contributing to such displacement are difficult to determine in a refracting 
system so complex as that of the eye. However, the difference in optical 
density of the media traversed by the incident and emergent ray, the greater 
combined refracting power of the cornea and anterior surface of the lens than 
of the posterior surface of the lens, and the curvature of the cornea, which 
varies widely for different eyes, may well be taken into account. 


A consideration of the above factors, particularly of the last, is of help 
also in explaining the great width of the temporal field which extends to 95° 
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_—sitivity, dark adaptation (Table 22). In these tables, sensitivity 
is represented as the reciprocal of the energy required to arouse 
the threshold sensation. Included also are ratios of sensitivity 
to the different colors when the maximum sensitivity at each 
point is taken as unity. 
_~-(c) Values of the photochromatic interval for the different 
colors from center to periphery and the relative value when the 
maximum value of the interval is taken as unity (Tables 23-25). 
(d) Areas of the color fields for stimuli equalized in energy 
at different levels of intensity (Tables 11-13). 


II. In the form of graphs. 


(a) Threshold Curves: chromatic thresholds, light adapta- 
tion (Figs. 4-7) ; chromatic thresholds, dark adaptation (Figs. 
35-36) ; achromatic thresholds, dark adaptation (Figs. 39-42). 
Each curve in these charts represents two quadrants so arranged 
as to form a complete cross section of the field of vision from 
periphery to periphery through the center of the field. Degree 
of eccentricity is plotted along the abscissa and value of the 
threshold sensation in watts (10° ergs per sec.) along the 
ordinate. In Figs. 8 and 9, the chromatic thresholds, light 
adaptation, are shown for each color in the eight quadrants 
investigated. 

(b) Sensitivity Curves: chromatic sensitivity, light adapta- 
tion (Figs. 10-11) ; chromatic sensitivity, dark adaptation (Fig. 
37) ; chromatic sensitivity, light vs. dark adaptation (Figs. 47- 
50); achromatic sensitivity, dark adaptation (Fig. 43). In 
these charts, degree of eccentricity is plotted along the abscissa 
and sensitivity (reciprocal of the threshold value in watts) along 


or even 100°, i.e., an object 5° or even 10° back of the plane tangent to the 
anterior surface of the cornea at or near the point of intersection with the 
line of regard, is still visible. This wide extension of the field of vision on 
the temporal side has been reported by a number of investigators. 
DeSchweinitz, for example, quotes Baas as obtaining an average limit of 
99°; Ferree and Rand with carefully controlled fixation found the limits to 
extend as far as 92°; and the writer in several hundred perimetric studies 
made under standard conditions in which the fixation was so carefully con- 
trolled that no shifting could be detected, found limits of 95° and even 100° 
to occur frequently. 
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the ordinate. Another type of sensitivity curve is given in Fig. 
12. It takes the form of a four-point curve of threshold sensi- 
tivity plotted for selected points in the temporal quadrant. These 
curves show the relative sensitivity of different parts of the. 
retina to the four colors when the maximum sensitivity at each 
point is taken as unity. 
__(c) Photochromatic Interval (Figs. 44-46). 

(d) Limits of sensitivity to the four colors at nine levels of 
intensity of stimulus (Figs. 13-25) ; limits of sensitivity to red 
of a given intensity and to blue of intensities that give smaller, 
larger and interlacing limits (Figs. 28, 30, 32); limits of sen- 
sitivity to blue at a given intensity and to red of intensities that 
give smaller, larger and interlacing limits (Figs. 29, 31, 33); 
limits of sensitivity to blue of a given intensity and to green 
of intensities that give smaller, larger and interlacing limits 
(Fig. 34); limits of sensitivity to standard pigment colors and 
to spectrum colors of known energy which give limits most nearly 
approximating those for the pigments (Fig. 27); variation in 
extent of color fields with log intensity of stimulus (Fig. 26).* 

The data presented in these tables and charts have been com- 
bined and arranged in order that the following comparisons 
may be made: | 

(1) Chromatic sensitivity to a given range of wave-lengths 
from point to point in the same meridian, light adaptation. 

(2) Chromatic sensitivity to the different wave-lengths in 
any given meridian, light adaptation. 


1 The relation of the various types of charts and curves to each other may 
perhaps be clarified somewhat if the field of vision is regarded as an island 
rising to different levels of sensitivity. The charts may then be considered 
as horizontal or vertical sections of this island. The sensitivity curves are 
the contour lines for the vertical sections passing across the island in dif- 
ferent radial directions but always through its center, while the diagrams for 
the limits of sensitivity outline horizontal sections taken at different alti- 
tudes. In the vertical section the sensitivities to different colors are seen to 
rise to different levels, giving the effect of strata the thicknesses of which 
vary from point to point. Finally the curves showing the comparison of 
sensitivities to the different colors at different degrees of eccentricity outline 
vertical sections made at right angles to the long radial sections. 
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(3) Chromatic sensitivity to a given range of wave-lengths at 

_corresponding points in the different meridians, light adaptation. 
44) Achromatic and chromatic sensitivity to a given range 

of wave-lengths from point to point in a given meridian, dark 

adaptation. 

—(5) Achromatic and chromatic sensitivity to the different 

wave-lengths in any given meridian, dark adaptation. 

(6) The relation of achromatic to chromatic thresholds, 1.e., 
the photochromatic interval, for a given range of wave-lengths 
from point to point in the same meridian, dark adaptation. 

(7) Chromatic sensitivity to a given range of wave-lengths 
in any given meridian for the light and the dark-adapted eye. 

(8) Limits of chromatic sensitivity for a given range of 
wave-lengths at different levels of intensity. 

(9) Limits of chromatic sensitivity for the different wave- 
lengths at the same level of intensity. 

(10) Graphic relationship of intensity of stimulus to area of 
field for the different stimuli. 
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A. Licgut ADAPTATION. 
1. Chromatic Thresholds. 


The chromatic thresholds were determined under light adapta- 
tion at near-lying points in the eight principal meridional quad- 
rants: the nasal and temporal quadrants of the horizontal 
meridian, the upper and lower quadrants of the vertical meridian 
and the four quadrants of the two 45° meridians. Before any 
determinations were made the eye was adapted for 30 minutes 
to an illumination of 7 ft.-c. The method of obtaining and 
controlling this illumination has already been described. 

Since this section of the investigation is a continuation of the 
study planned and in part carried out by Ferree and Rand, it 
may be well to repeat here a few selected points of summary 
of their work. 

In 1911 Ferree and Rand outlined a program for the inves- 
tigation of retinal sensitivity to colored light (7). To render 
the results directly comparable all measurements of the stimulus 
were to be made in radiometric units. The study was. planned 
to include a determination of the sensitivity of the peripheral 
and central retina at near-lying points in a number of meridians 
to red, yellow, green and blue spectrum lights and a determina- 
tion of the limits of sensitivity in the different meridians to 
each of the colors at various levels of intensity. To make it 
possible to eliminate contrast and after-image effects from sur- 
rounding field and preexposure, the investigation was to be made 
in a light-room, the illumination of which should be so controlled 
and specified as to be reproducible at any time. All the other 
variable factors, which had been determined in previous studies, 
were likewise to be controlled and specified. 

In 1915 the results were published for the nasal and temporal 
quadrants of the horizontal meridian (1), pressure of other work 
having made it impossible to continue the investigation in the 
other meridians as planned. In their conclusions the following 
points are stressed: 
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(1) the great range of sensitivity from the center to the 
extreme periphery of the retina; 

(2) the irregularities in the curve of sensitivity for the 
different colors in a given quadrant ; 

(3) the great difference in sensitivity at corresponding points 
in the temporal and nasal quadrants, more particularly in the 
remote portions of the field, from which it was inferred that 
an interlacing or crisscrossing of limits would be obtained if 
the stimuli were so graded in intensity as to make the limits for 
all colors fall in the same general region of the retina; 

(4) the striking absence of uniformity of-ratio of sensitivity 
to the pairs of colors, red and green, and blue and yellow from 
center to periphery of the retina; 

(5) the correspondence of the distribution of sensitivity to 
red, green and yellow with what might be expected from these 
changes in the color-tone of red and green in passing from the 
center to the periphery of the retina; and 

(6) the small areas blind’ or very insensitive to one color 
and normally sensitive to the other three. 

The present study repeats their investigation in the nasal and 
temporal quadrants of the horizontal meridian and extends it 
to include the six other quadrants given above. Since wide 
individual differences in central sensitivity are known to occur, 
it is logical to expect that even greater differences will be found 
in the more poorly developed periphery. Differences are also 
to be expected in the results of the investigation by Ferree and 
Rand and in the present study because the conditions under 
which the work was done differed in two important respects. 
'(1) The work of Ferree and Rand was done under daylight 
illumination, the horizontal component of which was 32 ft.-c.; 
that of the writer under 7 ft.-c. of illumination obtained from 
a type Ce lamp. Both the color and the amount of illumination 

1As reported by Ferree and Rand, these areas which are totally blind or 
deficient to one color so far as the positive response is concerned, do not 
seem to be correspondingly deficient in the after-image or cancelling reactions. 
In fact, so far as could be told, the after-image and complementary reactions 


are no different in these areas from those in the immediately adjacent normal 
portions of the retina. (J. Exper. Psychol., 1917, 2, 296.) 





ca ae eet _—~ 
ohn See 
na nae i : e 


ser aes Y 
Re ee 


J 
eae 
a 
of 
: : 
| Be 
t 4 a 
_ 
j } 
a | 
‘ ‘ 
' “ 
. 
i 15 
: ‘ 
| 
| 
, 1g 
|}: ¢ : 
} 


pss 5 


a ee ee 


el 
1 
é 
: 
iv 





78 HAZEL AUSTIN WENTWORTH 


to which the eye was adapted, therefore, were different in the 
two cases. (2) The visual angle subtended by the stimulus 
used by Ferree and Rand was 3° 36’; that of the writer 1° 16’. 

The threshold values in watts x 10-* are given in Tables 2-9, 
and are shown in the form of curves in Figs. 4-7. In order to 
represent the entire range of values from center to periphery on 
one scale, a comparatively large interval had to be chosen for 
the ordinate. This caused a reduction of the curves for the 
different colors in the central and paracentral regions which was 
sufficient to obscure the relatively small changes in result occur- 
ring in these regions. To show these small changes, therefore, 
the threshold values for the central and paracentral regions have 
in addition been plotted on a scale magnified 20 times and the 
resultant curves drawn immediately above the other curves in 
Figs. 4-7. The scale chosen for the abscissa is the same in 
both cases. : 

In Figs. 8 and 9 the threshold values for a given color from 
center to periphery are represented for each of the eight quad- 
rants investigated. These charts are designed to show the varia- 
tions of sensitivity to each of the colors which occur at 
corresponding points from meridian to meridian. . 

Figs. 10 and 11 give the chromatic sensitivity curves. In 
these curves sensitivity (reciprocal of the threshold value in 
watts x 10%) is plotted along the ordinate and degree of 
eccentricity along the abscissa. 

Except that a greater sensitivity was found in the mid periph- 
ery, the results obtained are in many respects similar to those 
of Ferree and Rand. For example, this more extended investi- 
gation verifies the six points stressed in their conclusions, given 
above, with one exception. That is, while the writer found areas 
that were insensitive to one color and normally sensitive to the 
other three, she did not find any area outside of the Mariotte 
spot that was totally blind to color. 

The following points of interest may be noted: 

(1) A wide range of sensitivity is found for all colors-in 
passing from the center to the periphery of the field. This 
range varies in the different meridional quadrants. The sen- 
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sitivity is from 276 to 5,170 times greater at the center than 
at the periphery for yellow, from 400 to 2,443 times greater 
for green, from 659 to 3,298 times greater for blue, and from 
728 to 4,885 times greater for red. 


Ficures 4-7. Curves showing the energy values of spectrum lights re- 
quired just to arouse the chromatic sensation from center to periphery in the 
180°, 90°, 45°, and 135° meridians, light adaptation. 
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(2) Great irregularities in sensitivity to a given color are 
found from point to point in every meridional quadrant. The 
greatest irregularity is found in the nasal and upper quadrants. 
The following striking examples are cited: 

(a) the sharp peak in the threshold curve for blue in the 
lower quadrant between 35° and 45°, the value of the threshold 
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increasing from 36.17 to 129.53 watts x 10-* between 35° and 


40°, then decreasing to 72.56 watts x 10-* at 45°; 
(b) the peak in the threshold curve for blue between 40° 
and 55° in the upper nasal quadrant, the value of the threshold 
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increasing from 98.37 to 916.13 watts x 10~* between 40° and 
48°, then decreasing to 348.29 watts x 10° at 55°; 

(c) the peak in the threshold curve for red between 5° and 
15° in the upper quadrant, the value of the threshold increasing 
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from 8.58 to 42.9 watts x 10°* between 5° and 10°, then decreas- 
ing to 14.6 watts x 10-8 at 15°; and 

(d) the smaller humps and peaks in the curve for red at 10° 
and 25° in the nasal quadrant, in green at 30° and in yellow 
between 60° and 70° in the temporal quadrant. 

(3) The threshold values increase gradually until near the 
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limits of sensitivity and then very rapidly, as is shown by a sharp 
bend in the curves of Figs. 4-7. In general, the sensitivity to 
red falls off the most rapidly from center to periphery, that to 
yellow the least rapidly. In one quadrant the thresholds for 
green increase more rapidly than those for red but the reverse 
is true in all the other quadrants. The sensitivity to yellow is 
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always noticeably greater than to the other three colors; the 
curves for red, green and blue, however, crisscross and interlace 
repeatedly from center to periphery. The amount of increase 
in the threshold values near the limits of sensitivity is greatest 
for red, then for blue, green and yellow in the order given. 
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This increase for yellow is small as compared with that for the 
other colors. 

(4) A great difference in rate of change of sensitivity to 
a given color and to the different colors is found at corresponding 
points in the various meridional quadrants. These differences 
can readily be seen by an,inspection of the threshold curves ot 





> tf. &® DB te Bt te 


ase ~ Ss 


4&4. 























ACHROMATIC AND CHROMATIC SENSITIVITY 83 





Figs. 8 and 9. For example, the sensitivity to green decreases 
much more rapidly in the temporal, lower temporal and upper 
temporal quadrants than in the nasal half of the field. That 
to red, on the other hand, tends to decrease more rapidly in the 
nasal, upper nasal and lower quadrants. The sensitivity to blue 


Figures 8-9. Curves showing the energy values for each of the spectrum 
lights required just to arouse the chromatic sensation from center to 
periphery of the field at corresponding points in the eight quadrants investi- 
gated, light adaptation. 
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falls off at about the same rate in all quadrants while that for 
yellow decreases at very different rates in the different quadrants. 
In the temporal quadrant, for example, there is little change in 
the threshold values for yellow from the center to 10°; in the 
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lower nasal quadrant, little change from the center to 20°; and 
in the nasal and upper temporal quadrants there is an immediate 
decrease from the center but at different rates in the two cases. 
At the same distances from the center of the field, small stretches 
of equal sensitivity to this color occur in one quadrant, of increas- 
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ing sensitivity in others, and of decreasing sensitivity in still 
others. 
The point of sudden decrease in sensitivity which always occurs 
near the limits of vision also varies for the different colors and 
from quadrant to quadrant, as is shown in Figs. 8 and 9. The 
approximate point at which this occurs for each color in the 


different quadrants is as follows: 
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These results have an important bearing on the relationship 
of the limits of sensitivity to the different colors when the stimuli 
are so graded in intensity that their limits have approximately 
the same degree of eccentricity in the field of vision. That is, 
a crisscrossing and interlacing of limits will occur as the com- 
parative sensitivity to the different colors varies from meridian 
to meridian. As was pointed out in the introduction, interlacing 
of limits has been given an important pathological significance 
in the literature on clinical perimetry. The point to be stressed 
here is that interlacing is the normal condition when stimuli of 
certain intensities are used. If, however, the intensities of the 
stimuli are so chosen that the limits of sensitivity for one color 
always occur outside of those for another in the normal subject, 
then an interlacing of the limits for these stimuli may readily 
be caused’ by a pathological condition. Interlacing of limits may 
therefore be either the result of the conditions of work, or the 
result of pathology. This point will be discussed in greater detail 
in the next section of the paper. 

(5) The comparative changes in sensitivity to the different 
colors sustain a close relationship to the hue changes in the sen- 
sation aroused by a given stimulus in different parts of the field. 
The following examples have been selected to illustrate this point: 

(a) In the upper vertical quadrant the threshold values for 
red begin to increase rapidly at 35°; those for yellow and green 
at 50°. At the point of relative decrease in sensitivity to red 
as compared with that to yellow, the red stimulus is seen as 
yellow-orange. Green on the other hand, the sensitivity to which 
remains relatively the same as that to yellow in this region, does 
not change in hue. 
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(b) In the upper nasal quadrant also the threshold curve for 
red shows a relatively greater increase at 35° than the curves 
for the other colors. Here, too, an increase is noted in the yellow 
component of the sensation aroused by the red stimulus. At 
15° in this quadrant the green shows a distinct change in hue 


Ficures 10-11. Curves showing the chromatic sensitivity of the eye to 
spectrum lights from center to periphery in the 180°, 90°, 45°, and 135° 
meridians, light adaptation. 
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in the direction of yellow. Examination of the curves shows this 
to be a point at which sensitivity to green begins to decrease as 
compared with that to yellow. 

(c) Also in the lower quadrant where the threshold values 
for green increase more rapidly than for the other colors, the 
green stimulus is seen as a yellow-green. 
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(d) In the lower temporal quadrant there are a number of 
changes in the slopes of the threshold curves for red and yellow 
as compared with each other. From 25° to 60° the red curve 
rises more rapidly than the yellow. In this region the red stimu- 
lus is seen as orange and orange-yellow. At 60° and 65° the 
slopes and heights of the two curves are more nearly the same. 
Here the red stimulus is seen again as red. Beyond these points 
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the red curve rises again much more rapidly than the yellow, 
and the red stimulus is seen once more as orange. The changes 
in hue noted above and the threshold values at the points of 
change can be seen in Tables 2-9, and the slopes of the threshold 
curves in the regions cited, in Figs. 4-7. In general it may be 
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said that wherever red or green become yellowish in hue, a de- 
crease in sensitivity to these colors as compared with that for 
yellow is found. Similar coincidences of color-tone changes and 
changes in relative sensitivities to the colors, in question, have 
previously been noted by Ferree and Rand. 

(6) The ratio of sensitivity to the pairs of colors, red and 
green, blue and yellow changes from point to point in a given 
meridional quadrant and from quadrant to quadrant. This fact 
may be noted in all of the tables and charts given above. It is 
brought out perhaps most strikingly in the data given in Table 
10 and the series of curves in column 1, Fig. 12. These curves 
are plotted in the form of four-point threshold sensitivity curves. 
They show for different points in the temporal quadrant of the 
180° meridian, selected as typical, the relative sensitivity to the 
different colors when the maximum sensitivity at each point is 
represented as unity. At the center, for example, the order of 
sensitivity from greatest to least is yellow, blue, green and red; 
at 10° it is yellow, red, green and blue; at 20°, yellow, green, 
red, blue; from 30°-60°, it is yellow, red, blue, green; and from 
60°—90° it is again yellow, red, green, blue. Even in the regions 
where the order of sensitivity to the different colors is the same, 
the relative amounts are different as is shown by the changes 
in shape of the curves. 

While the ratios of sensitivity to yellow and blue are not the 
same from point to point, still the sensitivity to yellow is greater 
than that to blue throughout, except at 65° in the upper temporal 
quadrant. Even this degree of constancy of ratio, however, is 
not true for red and green. Sensitivity to green is greater than 
to red from the center to 20° in the upper and upper temporal 
quadrants, to 5° in the lower temporal, to 25° in the temporal and 
nasal, to 15° in the lower, and to 30° in the lower and lower 
nasal quadrants. A reversal of sensitivity then occurs. Greater 
sensitivity to red than to green is found from these points to 40° 
in the upper and nasal quadrants; to 75° in the lower temporal ; 
to 80° in the temporal; to 50° in the upper temporal (except 
at the 35° point) ; to 20° in the lower ; to 35° in the upper nasal, 
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Figure 12. Four-point curves for selected points in the temporal quadrant 
of the 180° meridian showing (a) the relative chromatic sensitivity to the 
four colors, light adaptation (column 1); (b) the relative chromatic sensi- 
tivity to the four colors, dark adaptation (column 2); (c) the relative achro- 
matic sensitivity to the four colors, dark adaptation (column 3). In plotting 
these curves the highest sensitivity at each point was taken as unity. 


ae 





ACHROMATIC AND CHROMATIC SENSITIVITY «Ol 


and to the limit of vision in the lower nasal quadrant (except 
at 25° and 30° where the sensitivity is approximately equal to 
red and green). At the points noted in the different quadrants, 
a second reversal occurs, the sensitivity again becoming greater 
to green than to red. This relationship holds to the limit of vision 
for all quadrants except the temporal and lower temporal where 
sensitivity to red is once more greater than to green from 92° 
and 93° respectively to the limit of the field of vision. 

Ferree and Rand obtained reversals of sensitivity to blue and 
yellow as well as to red and green. They did not, however, 
find a second reversal of sensitivity to red and green such as is 
noted above. It is obvious from reversals of sensitivity of this 
kind and from the variations in ratio of sensitivity shown in 
the tables and charts that there is no evidence for the claim 
that a constancy of ratio of sensitivity exists between the com- 
plementary colors from the center to the periphery of the retina. 
It will be remembered that Bull and his followers made this 
claim on the basis of coextensive limits for the pairs of colors 
equated in cancelling power and in brightness. The fallacy of 
their method of working has already been pointed out. Hess, 
Hegg, and Baird have also claimed that it is possible to obtain 
| stable colors, i.e., colors which show no changes in hue from 
| center to periphery. This we have never been able to do, nor is 
it to be expected when one considers the changing ratio of 
_ sensitivity to the different colors from point to point in a given 
meridional quadrant and from quadrant to quadrant, and the 
corresponding changes in color-tone which take place. 


2. Effect of Intensity of Stimulus on the Limits of Sensitivity. 


An investigation of the limits of sensitivity may be considered 
from three points of view: 

(a) it may be made a part of the study of the comparative 
sensitivity of the peripheral retina to the different colors ; 

(b) it may be considered more specifically in relation to points 
of theory; and 
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(c) it may be considered in relation to the practice of per- 

imetry and to diagnosis. 
In the first case, the limits should be obtained with stimuli of 
equal. energy. The results will then represent positions in the 
field of vision for which the retina has the same or nearly 
the same threshold values for the different colors. In the second 
case, the problem, considered in relation to its historical develop- 
ment, is twofold: a determination of the relative or apparent 
limits of sensitivity under the conditions tested; and a determi- 
nation of the absolute limits. As has already been pointed 
out, the determination of the apparent limits was given an undue 
importance in relation to theory by Bull and his followers 
because of their failure to realize that great irregularity and 
not uniformity characterizes the decrease of sensitivity from 
the center to the periphery of the retina. The determination of 
the absolute limits, however, does sustain an important relation 
to theory, especially to theories of the paired process type; for 
if it is found that sensation can be aroused farther out from 
the center of the retina for one of the paired colors than for 
the other, this fact must tell against those theories unless some 
supplementary concept is provided to explain the discrepancy. 
In the third case, the problem is to select some standard set of 
conditions and to determine the normal range of variation of 
size and shape of field and order of ranking as to breadth under 
the conditions selected. 

The determinations made by Ferree and Rand (a) of the 
limits of sensitivity with stimuli any further increase in the 
intensity of which tended to decrease rather than to increase 
the chromatic component of the response, and (b) of the appar- 
ent limits for stimuli of lower intensity have been previously 
mentioned. It will be recalled that these limits were determined 
in 16 quadrants for red, yellow, green and blue spectrum bands 
the intensity of which were measured in energy units. The 
highest intensities were taken from the prismatic spectrum of 


1 By absolute limits is meant limits of sensitivity with stimuli any further 
increase in the intensity of which decreases rather than increases the 
chromatic component of the response. 
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a Nernst filament operated at 0.6 amp., and from a spectrum 
made equal in energy to the blue of this spectrum. Reductions 
from these intensities were made by means of sectored discs. 
The following results were obtained: 

(1) The far periphery of the retina was found not to be 
blind to red, blue and yellow. It was merely deficient in sen- 
sitivity to these colors. Such extensive fields could not be 
obtained, however, for green, whatever the intensity of stimu- 
lation. The limits for stimuli of lower intensity taken from 
the prismatic spectrum were widely concentric in the order from 
greatest to least of red, yellow, blue and green. For stimuli 
of equal energies of medium intensity they were interlacing. 

(2) The amount of change of intensity required to produce 
a detectable change in the apparent limits in the remote parts 
of the retina is very great. Because of this fact, Ferree and 
Rand stress the importance of taking into consideration devia- 
tions of 1° to 3° from coincidence of limits when conclusions 
are to be drawn with regard to comparative sensitivities. Fur- 
thermore, the amount of change required to produce a detectable 
narrowing of the limits varies irregularly from center to periph- 
ery in a given meridian and from meridian to meridian, as 
might be expected from the great irregularity in distribution of 
sensitivity to the different colors in the peripheral retina. As 
a result of this irregularity two phenomena are mentioned: 

(a) the shape of the zone of sensitivity to a given color 
changes with the intensity of the stimulus employed in making 
the determination ; and 

(b) when stimuli of equal or the same order of intensity 
are used the limits for red, yellow and blue are found to interlace 
or crisscross irregularly rather than to coincide in complementary 
pairs as was reported by Hess, Hegg and Baird in a more 
limited investigation of the retina’s powers of response. The 
former phenomenon is the direct corollary of the difference in 
the rate of decrease of sensitivity to the different colors in pass- 
ing from the center to the periphery of the retina in the different 
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meridional quadrants; the latter, to the change in ratio of 


sensitivity to the different colors from quadrant to quadrant. 
(3) A difference in the shape of the field for all colors 


was found at high and low intensities. 


As the intensity is 


decreased the field becomes more elliptical in shape, or narrower 
in the vertical as compared with the horizontal meridian. This, 


Showi 


“Tn 


TABLE 11. 
the area of the color fields for stimuli equalized in energy at different levels of 














intensity. computing the area, the fields were drawn to a scale of 1 mm. to 1°, and measured 

with a planimeter.* 

Area of fields (sq. cm.) 
Intensity of stimulus (watts x 10-") 
Red | Yellow | Green | Blue 

12.5. 2. ss: Wabiencsiewe ee I EL Ww Sues av ds es cca 9.5 43.0 8.3 9.2 
BD... 0 5b ba vie PUIG Gao'cie'c s Vas esewuers 27.8 56.6 20.3 19.8 
BO... «swine sete ai MURS OSes shag hak neues 58.0 91.8 39.7 46.9 
10D. 2... cece su eee e pUMIEE ENA Co os OV isu es «ete cee 79.0 | 121.7 65.9 84.1 
BOD. oo 00 uicieah hein aE, oly wa wine eataenles 93.9 | 136.4 99.3 | 114.2 
lg Ree a US lyons boas eee’ 107.5 | 148.7] 121.9] 132.7 
S00. 8. les iain en eee boies Chin bs ole ote 118.7 | 155.6| 144.1] 146.7 
MGOO. .. oo nee cpu ee ee 136.9 | 168.9] 155.8] 157.7 




















-*For the intensity of stimulus giving the wides 
cm. for red, yellow, green and blue are respectively 1684, 1 


t ible limits, the areas of the fields in sq. 
‘4, 174.6, 163.2 and 170. 


it was suggested, is due to a relatively rapid decrease in sensitivity 
in the vertical and oblique as compared with the horizontal 
quadrants. 

From the threshold curves obtained in the present study for 
red, yellow, green and blue spectrum lights in eight quadrants, 
it is possible to determine directly the absolute limits of sensi- 
tivity to these colors and by interpolation the apparent limits 


for any given level of intensity. 


Interpolation was considered 


justifiable in this case in view of the closeness of the points at 
which the threshold values were determined. The apparent 
limits were determined by passing horizontal planes parallel to 
the x-axis of the threshold charts at different energy levels. The 
point of intersection of a given plane and a threshold curve 


determined the limit for that intensity beyond which the stimulus 
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in question could not be sensed with any trace of its true hue. 

The results of these determinations are given in Tables 11-13 
and Figs. 13-25. Figs. 13-25 show the limits of sensitivity to 
the four colors at nine intensity levels :—12.5, 25, 50, 100, 200, 
400, 800, 1,600 watts x 10” and that intensity which gave the 
widest possible limits for a stimulus subtending a visual angle 
of 1°. In Figs. 13-16 are shown the limits for a given color 


TABLE 12 


Showing a comparison of area of the color fields for stimuli equalized in energy at different 
vels of intensity and the percentage decrease in area for a given reduction in intensity of stimulus. 
he areas Of the fields for stimuli of 1600 watts x 10-", are taken as 100. 


a ee 
a ee 

















Percentage decrease in area 

Comparative areas of field of field 

Intensity of stimulus Intensity 
(watts x 10-%) | Yel- of Yel- 

Red | low |Green| Blue | stimulus | Red | low /Green| Blue 
OB Sse SUE KR 100 100 100 100 Geass OLS ES Sees ernne 
Se 86.8) 92.2! 92.21 93.1] 50.00 | i3.3| ‘7.9 75 7:0 
laa be age ae 78.6} 88.1| 77.8] 84.2| 75.00 | 21.5 12: 21.6} 15.8 
Pics Boks Che As 68.8; 80.9| 63.4) 72.5| 87.50 31.4; 19.2) 36.1) 27.6 
100... 57.8| 72.1) 42.1) 53.4; 93.75 42.4, 27.9| 57.41 46.7 
GiGi ok cea ee sad sk. 42.5| 54.4) 25.3} 29.7 96.88 57.6} 45.6) 74.2) 70.2 
Pic 6 chibi he ke 20.3) 33.6; 12.5) 12.6 98 .43 81.8) 66.6) 87.8] 87.4 
Rai is bs eee ek a Se 6.9} 25.0 5.3 5.8 99.21 95.2) 74.6) 94.2) 94.3 



































at the different intensities; and in Figs. 17-25 the limits for 
the different colors at a given intensity. 


In order to have a single index which will represent size of 
field for comparative purposes, the fields were plotted to a scale 
of 1 mm. to’1° and measured with a planimeter. These areas in 
sq. cm. are given in Table 11. Table 12 has been compiled to 
show the percentage reduction in area of the color fields for a 
given reduction in intensity of stimulus; and Table 13 to show 
in the form of ratios the comparative areas of the fields for the 
four colors at each intensity, the area of the field for yellow being 
taken as 100 in each case. In Fig. 26 area of field in sq. cm. has 
been plotted against the logarithm of the intensity of the stimulus 
light. 
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In connection with these results the following points may be 
noted : | 

(1) For very high intensities of stimulus, cotncidence of 
limits for red, blue and yellow with those for white light vision 
was found in all meridional quadrants with the following 
exceptions: — | | 

(a) Beyond 95° in the temporal and lower temporal quad- 
rants blue was seen as white whatever the intensity employed ; and 

(b) Red appeared yellow beyond 90° in the upper temporal 


TABLE 13. 











Showing a comparison of area of the color fields for stimuli equalized in energy at differen; 


levels of intensity when the area of the field for yellow is taken as 100.* 














Comparative areas of fields 
Intensity of stimulus (watts x 10-") 
Red Yellow Green Blue 
12.5. 2 ois sense ed eee tks x Tee a 22 100 19 21 
26... sie bSehiente ee ee Bee Lae 49 100 36 35 
GO).... . «ous aie pe Meee oes o oe eae a 63 100 43 51 
LGD... . . io ee eS phage oA 65 100 54 69 
BD. oc ink nn ebe es el ae jreeeees 69 100 73 84 
WD. «5 Gino Bhi eg ae be cic e as 72 100 82 89 | 
GOD... vs ede ae eee as a a 76 100 93 94 | 
NOOO... cea ee eo 81 100 92 93 
| 




















*For the intensity of stimulus giving the widest possible limits, the comparative areas of the 


fields are for red, yellow, green and blue respectively 96, 100, 93, and 97. 


quadrant. Also the red stimulus appeared so nearly yellow as 
the temporal and lower temporal limits were approached that only 
an observer trained in fine color discrimination could have 
detected the presence of a red component. 

In comparing these results with those of Ferree and Rand, who 
had found coincident limits for red, blue, yellow and white light 
vision in all meridians, the following differences in the two 
studies should be borne in mind: 

(a) The stimulus employed by the writer subtended a visual 
angle of 1°16; that used by Ferree and Rand of 3°26’. Ferree 
and Rand have recently shown that size of stimulus is a powerful 
determinant of the visibility of color in the peripheral field, com- 
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parable with intensity in importance. By increasing the size of 
pigment stimuli of medium intensity, they found that the limits 
of sensitivity to red and blue could be made almost coextensive 
with the limits of the field of vision (66). 


Ficures 13-16. Charts showing a comparison of the limits of sensitivity 
for each color at nine levels of intensity of stimulus: 12.5, 25, 50, 100, 200, 
400, 800, 1600 watts x 10-13 and that intensity which gave the widest possible 
limits for a stimulus subtending a visual angle of 1°. This last intensity is 
for red 27140; for yellow 6784; for green 5232; and for blue 8127, watts x 
10-13, 
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(b) The limits of white light vision for the writer extend 
several degrees beyond those obtained by Ferree and Rand, prob- 
ably because of a difference in curvature of cornea, size of pupil 
or facial configuration in the observers used. It seems possible, 
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therefore, that a more remote region of the retina was investi- 
gated by the writer than by Ferree and Rand. 

(2) The limits for green fall short of those for the other 
colors im all quadrants except the nasal, upper nasal and lower; 
nor could these limits be extended by any increase in intensity. 
Ferree and Rand, it will be remembered, found narrower limits 
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for green than for the other colors in all meridians. For them 
the green stimulus was seen as yellow in the far periphery and 
any increase of intensity of the stimulus increased the yellow 
component of the sensation aroused. 

The main points of difference between our results and those of 
Ferree and Rand seem to be in the comparative sensitivities to red 
and green. In our study, as has been indicated above, difficulty 
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\ was encountered in determining the thresholds for red near the 


limits of sensitivity because in approaching the limit there was a 
gradual change in hue from red to red-orange, then to orange, 
yellow-orange, orange-yellow and finally yellow. From the mid 
zone to the periphery of the field the dominant component of the 


' sensation was yellow and the determination of the presence of 
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' a red component was therefore increasingly difficult. Ferree and 
Rand had also found an increase in the yellow component of 
sensation aroused by the red stimulus in the mid zone of the 
field, but in the more remote portions of the field the yellow com- 
ponent disappeared and the stimulus was seen as red. Moreover, 
they did not find a region of greater sensitivity to green than to 
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red in these remote portions of the field as was found by the 
writer. 

Differences of result of this kind raise the question of indi- 
vidual variations in the relative sensitivity of the peripheral retina 
to red, green and yellow quite apart from those found in central 
vision. It was hoped that an investigation of this point could 
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have been made on a group of observers before the publication of 
this study. This, however, has not been possible. 

(3) With stimuli equalized in energy at the lower intensities 
an interlacing of limits was found for blue and red as was 
obtained by Ferree and Rand. The results differ, however, in 
that the latter found much narrower limits for green than for 
blue and red at all intensities, while the writer finds the limits for 
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blue, red and green stimuli of equal energy to interlace at every 
level of intensity. A comparison of the areas of the fields, how- 
ever, shows that the zone of sensitivity for green is smaller than 
that for red and blue for the stimulus of highest intensity used 


Ficures 17-25. Charts showing a comparison of the limits of sensitivi 
for red, yellow, green, and blue at each of the nine levels of intensity: 12.5, 
25, 50, 100, 200, 400, 800, 1600 watts x 10-13 and that intensity which gave 
the widest possible limits for a stimulus subtending a visual angle of 1°. This 
last intensity is for red 27140; for yellow 6784; for green 5232; and for blue 
8127, watts x 10-13. 
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and for all intensities lower than 200 watts x 10°*. Between 
200 and 1600 watts x 10°**, the zone of sensitivity for red, was 
found to be the smallest. | 

(4) The change in intensity required to produce a detectable 
change in the limits of sensitivity in the more remote parts of 
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the retina is very great. This is shown by the sharp rise of the 
threshold curves near the limits of sensitivity and also by the 
crowding together of the isopters representing the limits of 
the fields at different intensity levels, as the absolute limit is ap- 
proached. Furthermore, this critical change of intensity varies 
quite irregularly from quadrant to quadrant. These results are 
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in complete accord with those obtained by Ferree and Rand in 
the two quadrants investigated by them. 

(5) A change of shape of the field of sensitivity for a given 
color occurs with change of intensity of stimulus. This result is 
a direct corollary of the irregularity of distribution of sensitivity 
in the different quadrants. At very high intensities of stimulus 
the fields are approximately circular in shape; at medium intensi- 
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ties they tend to become elliptical, or narrower in the vertical and 
oblique quadrants as compared with the horizontal quadrants; 
and at very low intensities they tend again to become circular. 
This is due to the fact that in the horizontal quadrants the limits 
recede at first slowly, then more rapidly as the intensity of the 
stimulus is decreased, while in the vertical and oblique quadrants 











the recession is more uniform throughout the intensity scale. 
The sensitivity and threshold curves of Figs. 4-11 offer for the 
first time direct evidence that different rates of decrease in sensi- 
tivity occur in the different quadrants, a fact which had been 
inferred by Ferree and Rand from the results obtained in two 
quadrants and from the change of shape of the fields for different 
intensities. 
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Interlacing of limits is a second corollary of irregularity of 
distribution of sensitivity to the different colors in the various 
quadrants. As has already been stated, interlacing of limits is 
the general finding when the intensities of the stimuli are approx- 
imately the same. Bull, Hess, Hegg, and Baird, it will be remem- 
bered, had claimed coincidence of limits for properly selected 
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filter and pigment complementary colors when equalized in 
brightness and cancelling power for central vision. This general 
claim was based on an examination of the limits at one level of 
intensity. The failure of the limits for the pairs of spectrum 
colors used in these experiments to coincide whatever intensity of 
stimulus is used, is shown in Figs. 17-25. Also a comparison of 
the sensitivity curves for these colors in the different meridians 
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will show that coincidence of limits can not be expected at any 
level of intensity; nor does it seem possible that any relation of 
intensities can be chosen that will make them coincide. Because 
of the changes in the ratios of sensitivity to the different colors 
from quadrant to quadrant, the limits will inevitably interlace or 
be irregularly concentric. Coincident or regularly concentric 
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limits imply a constancy or approximate constancy of ratio of 
sensitivity for the different colors from quadrant to quadrant. 
This, as our data on sensitivity show, does not exist. Moreover, 
an inspection of the maps given in Figs. 17-25, representing the 
fields at different levels of intensity, shows that the limits for red 
and green invariably interlace, with wide points of divergence in 
some quadrants, and that the limits for blue and yellow are very 
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irregularly concentric. It seems clear then that no one intensity 
or ratio of intensities of stimulus for the paired colors can be 
found which will give coincident limits in all quadrants inside the 
limits of white light vision. Nor, indeed, did Bull, Hess and 
Baird obtain the coincidence they claimed. Their tables of results 
show that variations in limits which, according to our data, 
should be considered as significant, were apparently considered 
by them not to exceed the experimental error for the somewhat 
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_ Figure 26. Curves showing the variation in area of color fields with log. 
intensity of stimulus light. In computing the area the fields were drawn to 
a scale of 1 mm.-‘to 1° and measured with a planimeter. 


rough conditions under which they worked. The great changes 
in sensitivity which occur within 1° or 2° near the limits of the 
fields obtained by them and the importance of taking these 
changes into account where points of theory are in — have 
already been pointed out. 

(6) There is a general tendency for area of field to vary as 


the logarithm of the intensity of the stimulus light. This relation- 
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ship, however, is by no means perfect. The fields for the lowest 
intensities used are larger and those for the highest intensities 
smaller than would be the case if a perfect relationship existed 
between area of field and logarithm intensity of stimulus. 

It was thought to be of interest at this point to compare the 
size of the color fields obtained on a standard perimeter with pig- 
ment stimuli and those obtained with spectrum lights of known 
intensity. The former were determined on the Ferree-Rand 
perimeter with a strict observance of all the precautions pre- 
scribed for the use of this perimeter. The stimuli used were the 
red, green and blue pigments of the Heidelberg series of colored 
papers. The illumination on the perimeter arm was 7 ft.-c. and 
was of approximately daylight quality. The preexposure and 
surrounding field in case of the colored stimuli were a gray of 
the brightness of the color. The external conditions under which 
the comparison of the limits for spectrum and pigment stimuli 
was made, were, therefore, identical with the exception of the 
method of presenting the stimulus to the eye. On the perimeter, 
the eye is held fixed and the stimulus is moved to different points 
of eccentricity in the field of vision. With the rotary campimeter 
used for the spectrum stimuli, the stimulus is kept stationary and 
the eye moves to take eccentric fixation along the graduated arm 
of the instrument. Fields taken by the two methods differ in 
shape. They are larger when taken with the campimeter, par- 
ticularly in the upper, lower and nasal regions, because by this 
method of presenting the stimulus to the eye the stimulus is not 
cut off from view by facial configuration, ¢.g., by the eyebrows, 
bridge of nose, and cheek bones. 

The fields for the pigment stimuli are given in Chart A, Fig. 
27. It is seen that, except for the difference in shape of field 
noted above, they approximate quite closely to the fields for spec- 
trum stimuli having an energy value of 100 watts x 10-** for red 
and blue and of 50 watts x 10° for green. The fields for these 
spectrum stimuli are given for comparison in Chart B, Fig. 27. 
This comparison affords us a rough subjective evaluation of the 
energy of the effective chromatic component of the pigment stim- 
uli ordinarily used in clinical perimetry. So evaluated, the green 
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of the Heidelberg series of papers has an intensity of only one-- 
half that of the red and blue. This is not surprising to anyone 


Ficure 27. Showing the limits of sensitivity for red, green and blue 
standard pigments as determined with the Ferree-Rand perimeter under 
7 foot-candles illumination (chart A); and the limits for red, green, and 
blue spectrum stimuli which most closely approximate those obtained for 
the pigment stimuli (chart B). The energy values of the spectrum stimuli 
giving these limits are 100 watts x 10-13 for red and blue, and 50 watts 


10-13 for green. 
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who has used these pigments for perimetric work and has been 
impressed with the low saturation of the green as compared with 


the red and blue stimuli. 


. 


The foregoing results have a direct bearing on two important 
misconceptions that have been held by certain clinicians: 
(a) the order of ranking of fields as to breadth is blue, red, 


green, and 
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(b) an interlacing of the fields or a reversal of this order is 
indicative of pathological disturbance. 

The results obtained both by the writer and by Ferree and 
Rand show conclusively that size of field depends, among other 
factors, on the intensity of stimulus employed; and the order 











of ranking as to breadth both on the order of magnitudes of 
intensity and on the relative intensities of the stimuli employed; 
and that interlacing is the normal condition when stimuli of 
approximately equal energy are used. 

In order to bring out these points still more clearly, certain 
groupings of the field maps given above have been made to show 
(a) for three intensities of the red stimulus, the intensities of 





























114 HAZEL AUSTIN WENTWORTH 










the blue stimulus which will give fields that are smaller, larger 
and interlacing as compared with the fields for the red stimuli ; 
(b) for three intensities of the blue stimulus, the intensities of 
the red stimulus which will give fields that are smaller, larger and 
interlacing as compared with the field for the blue stimuli; and 
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Figure 28. Showing the limits of sensitivity to spectrum red of 800 
watts x 10-13, and the limits for those intensities of spectrum blue which give 
smaller, interlacing and wider limits. These intensities of the blue stimulus 
are respectively 100, 400, and 800 watts x 10-13. 


(c) for one intensity of the blue stimulus, the intensities of 
the green stimulus which will give fields that are smaller, larger 
and interlacing as compared with the fields for the blue stimuli. 

For (a) and (b) the three intensities selected were 25, 100 
and 800 watts x 10°*. The second of these values was, it will 
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Ficure 29. Showing the limits of sensitivity to spectrum blue of 800 watts 
x 10-13, and the limits for those intensities of spectrum red which give 
smaller, interlacing and wider limits. These intensities of the red stimulus 
are respectively 800, 1600 and 27140 watts x 10-15. 
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Friceure 30. Showing the limits of sensitivity to spectrum red of 100 watts 
x 10-13, and the limits for those intensities of spéctrum blue which give smaller, 
interlacing and wider limits. These intensities of the blue stimulus are 


respectively 50, 100, and 200 watts x 10-13. 
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be remembered, the intensity of spectrum light which gives fields 
most nearly equal in size to those obtained with the pigment 
stimuli of standard clinical usage. In (c) the comparison was 
made for blue and green because these colors are supposed by 
some clinicians to give the widest and narrowest fields respec- 
tively. These comparisons are given in Figs. 28-34. 
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Ficure 31. Showing the limits of sensitivity to spectrum blue of 100 
watts x 10-13, and the limits for those intensities of spectrum red which 
give smaller, interlacing and wider limits. These intensities of the red stimulus 
are respectively 50, 100, and 800 watts x 10-15. 


One further implication of our investigation of the chromatic 
sensitivity of the retina to the studies made in the clinic for pur- 
poses of diagnosis may be pointed out. These studies are as yet 
limited exclusively to perimetry. In perimetry data are obtained 
only at one point in each quadrant, namely, the point at which 
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the comparatively weak stimulus used is of threshold value. A 
consideration of how little of the information as to the variation 
in distribution of sensitivity over the retina which has been dis- 


closed by the present study, would have been obtained by perim- 
etry conveys some idea of what would be missed that might be 


90 


RN 


INS: 


ae 








oe " 06 


Ficure 32. Showing the limits of sensitivity to spectrum red of 25 watts 
x 10-13, and the limits for these intensities of spectrum blue which give 
smaller, interlacing and wider limits. These intensities of the blue stimulus 
are respectively 12.5, 25 and 75 watts x 10-13. 


of importance in diagnosis. With the stimuli of fixed and com- 
paratively low intensity that are used in perimetry, small depres- 
sions in sensitivity would be passed over entirely; larger ones 
might appear as totally insensitive areas and be interpreted as 
either scotomata or significant cuts in the field; and parts of the 
retina which may have important diagnostic significance would be 
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left without examination. Just how valuable a more complete 
canvass of the chromatic response of the retina from center to 
periphery would be to the clinician, and the best method of making 
this study, are points for further investigation. 


09 
0 
6 
Figure 33. Showing the limits of sensitivity to spectrum blue of 25 watts 
x 10-13, and the limits for those intensities of spectrum red which give 
smaller, interlacing and wider limits. These intensities of the red stimulus 
are respectively 12.5, 25 and 50 watts x 10-13. 
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B. DarK ADAPTATION. 


The sensitivity of the eye to the four spectrum stimuli used in 
light adaptation was also determined under conditions of com- 
plete dark adaptation from center to periphery of the field in the 
four principal meridional quadrants, upper, lower, temporal and 
nasal. The work under dark adaptation was divided into three 
parts: the determination of the chromatic thresholds, the deter- 
mination of the achromatic thresholds, and the comparison of 
these two sets of results from point to point for the numerical 
value of the photochromatic interval. - 

It is especially important to know, for example, the effect of 
state of adaptation on the chromatic sensitivity of the retina 
from center to periphery in relation to perimetry and other types 
of study of the visual field for diagnostic and practical purposes. 
Prominent among the lines of interest in the achromatic sensi- 
tivity of the eye under dark adaptation is the interest in the min- 
imum visible for the different wave-lengths of light in different 
parts of the retina. Another item of interest and importance in 
a systematic study of the retina’s response to wave-length and 
intensity of light is the point on the intensity scale at which each 
of the qualitative changes in sensation takes place. An important 
division in this scale for the lower intensities is the photochromatic 
interval or the interval separating the threshold points for light 
and color. 

Just as it is important and desirable, for example, to lay off or 
designate on a scale of wave-lengths the important changes in hue, 
saturation and brightness of the visible spectrum, so is it equally 
important and desirable to designate some of the more significant 
points in these changes on the intensity scale. It scarcely needs 
to be noted that one of the most remarkable and interesting fea- 
tures of the eye’s reaction to change of intensity of spectrum light. 
is the series of qualitative changes which take place beginning 
with the achromatic at low and ending with achromatic at high. 
It is one of the purposes of this study to designate on an absolute 
scale of intensities for four important regions of the spectrum 
from center to periphery the first two significant points in this 
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series of changes, the beginning of the achromatic and the begin- 
ning of the chromatic. 


1. Chromatic Thresholds. 


The chromatic thresholds of sensation were determined under 
dark adaptation at intervals of 1°-2° within 5° of the fovea; 
at intervals of 5° from 5°-30°; and at intervals of 10° from 
30° to the limits of peripheral vision in the four principal 
meridional quadrants, upper, lower, nasal and temporal. The 
values of these thresholds in watts x 10° are given in Tables 
14-17 and are graphically represented in the form of curves in 
Figs. 35 and 36. In plotting these curves it was found that the 


Ficures 35-36. Curves showing the energy values of spectrum lights re- 
quired just to arouse the chromatic sensation from center to periphery of 
the field in the 180° and 90° meridians, dark adaptation. 
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large energy values of the thresholds at the periphery as com- 
pared with those at the center made it necessary to use a scale of 
representation, which obscures the relatively small changes occur- 
ring in the central and paracentral regions. In order to show 
these changes, therefore, the threshold values within a radius of 
30° of the center were in addition plotted on a scale magnified 
twenty times. The curves plotted on these amplified scales are 
shown in the insets given in the upper left-hand corner of Figs. 
35 and 36. Further, to show still more clearly the variations in 
sensitivity which occur from point to point and from color to 
color in the central and paracentral regions of the retina, the data 
were plotted in the form of sensitivity curves. These curves are 


given in Fig. 37. 
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The study of the chromatic thresholds of sensitivity for the 
dark-adapted eye has, it may be noted, systematic interest chiefly 
in relation to the photochromatic interval, the effect of state of 
adaptation on retinal sensitivity, and the practical problem of 
dark room perimetry. All of these will be discussed in later 
chapters. In addition the following summary of results may be 
of interest here: : 

(1) The region sensitive to color does not extend to the 
periphery of the field for all wave-lengths, as is the case with light 
adaptation. Furthermore, this region shows a general tendency 
to vary with the wave-length of the stimulus. That is, red is 
seen to the limit of white light vision in all quadrants; the sensi- 
tivity to yellow does not extend to the peripheral limit of vision 
in the temporal quadrant; and green and blue can not be sensed 
beyond 40° in any quadrant, whatever the intensity of the stim- 
ulus. In the lower and nasal quadrants the sensitivity to blue is 
less extensive than that to green; in the upper and temporal 
quadrants the reverse is true. : 

It may be noted here that the loss in color of the blue and green 
stimuli occurs at points where a sudden increase in energy was 
required to give the chromatic threshold under light adaptation. 
It is not surprising to find that under the unfavorable conditions 
for blue and green resulting from dark adaptation sensitivity to 
these colors should end at these points. This selective effect of 
the conditions found in dark room work on chromatic sensitivity 
to wave-length will be discussed more fully in the section on the 
effect of state of adaptation on the chromatic sensitivity of the 
retina. This much, however, may be noted here. There is a 
tendency for blue and green on passing into the periphery of the 
retina to lighten, and for red and yellow to,darken. Moreover, a 
black preexposure and surrounding field are unavoidable with 
dark adaptation. This condition tends through contrast and 
after-image effects to add white to the stimulus color, enhancing 
thereby the tendency for blue and green to lighten and counter- 
acting the tendency for red and yellow to darken. As the result 
of these contrast and after-image effects which are always em- 
phasized in the peripheral field, blue and green tend towards white 
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as the periphery is approached, while red and yellow remain of 
nearly the same brightness from center to periphery. 

(2) Threshold blue and yellow show no change in hue, merely 
a change im brightness from the center to the periphery of the 
field. Threshold red and green on the other hand tend to become 
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Ficure 37. Curves showing the chromatic sensitivity to spectrum lights 
from center to periphery of the field in the 180° and 90° meridians, dark adapta- 
tion. 


yellow. Green tends towards yellow and then white in the mid 
periphery. Red tends towards orange as the center is receded 
from, and in the far periphery is seen first as yellow, then as red, 
as the stimulus is increased to the threshold value. 

(3) Great irregularity in the ratio of sensitivity to the differ- 
ent colors occurs from point to point in the field. Small areas are 
found in which there is a marked decrease in sensitivity to one 
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color with no corresponding decrease in sensitivity to the other 
three. For example, at 10° in the upper and 15° in the lower 
vertical meridional quadrants there is a sudden rise in the 
threshold curve for red with no corresponding change in the 
curves for yellow, green and blue. Where a decrease in sensi- 
tivity to blue is found, however, there is frequently an increase 
of sensitivity to yellow. This is particularly noticeable in the 
macular region, where the sharp decrease in sensitivity to blue 
found at 4° eccentricity is accompanied by an increased sensi- 
tivity to yellow. The converse relationship also frequently 
occurs. For example, from 4°-10° the sensitivity to blue in- 
creases rapidly, while the sensitivity to yellow decreases. These 
and the numerous other irregularities in the relationship of 
sensitivities may be readily observed in Figs. 35-36. 

(4) There is a tendency for the point of highest sensitivity to 
the colors investigated to shift from the short to the long wave- 
lengths in passing from center to periphery of the field. At the 
center the ranking of sensitivity from greatest to least is green, 
blue, yellow and red. Green retains this rank to an eccentricity 
of 20° in the nasal and 10°'in the remaining quadrants. From 
these points to the mid periphery (30°-40°), where chromatic 
sensitivity to blue and green ends, the maximum sensitivity is to 
blue; from this region to 70°—80°, to yellow; and beyond these 
points, to red. The minimum sensitivity is in general to red 
from the center to that region of the field where the sensitivity 
to red is higher than to the other colors. _ 

There are, however, the following exceptions to this which 
should be noted: (a) from 15°—25° in the upper quadrant, at 
50° in the lower quadrant, and from 5°—15° and 30°-40° in the 
nasal quadrant, in which cases the lowest sensitivity is to yellow; 
and (b) from 20°-30° in the lower quadrant and from the 
peripheral edge of the blind spot to 20° in the temporal quadrant, 
in which cases it lies in the green. These variations in the posi- 
tion of maximum and minimum sensitivity to the stimuli inves- 
tigated in different parts of the field are shown graphically in 
Fig. 12, column 2, for one meridian selected as typical. The 
data from which these curves were drawn are given in Table 18. 
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(5) The rate of decrease of sensitivity from center to periph- 
ery varies for the different colors. It is particularly noticeable 
that the rate of change is very different for the paired colors. 
For example, the sensitivity to red and green decreases at first 
rapidly, then slowly to the limit of sensitivity. The curve for 
green, however, has a much steeper slope than that for red. The 
point of highest sensitivity for both colors is at the center with 
one exception,—red in the upper vertical quadrant. Here the 
highest sensitivity is found at a point 3° from the center. The 


sensitivity to blue and yellow changes very irregularly, particu- 
larly in the region of the macula. As has been stated above, the 


sensitivity to blue decreases rapidly for the first 4° from the 
center; then increase to 10°, where it rises to a value nearly as 
high as at the center, from which point it decreases again rapidly 
and continuously to the limit of sensitivity. At 15° in the upper 
quadrant the sensitivity to blue is at its highest level. Sensitivity 
to yellow, however, decreases slightly for the first 2° from the 
center; from 2°-4°, the position of sharp decrease in sensitivity 
to blue, it increases; from 4°-10° it decreases again rapidly and 
from 10° to the limits of the field it decreases slowly. 

If a decreased sensitivity to blue and a correspondingly in- 
creased sensitivity to yellow in the macular region is the result of 
yellow pigmentation, as has been suggested by previous writers, 
these results would indicate that there is a faint pigmentation 
immediately around the fovea which increases to a dense, well- 
defined ring of pigmentation approximately 4° from the fovea, 
and that the region 10°-15° from the fovea is relatively free 
from pigmentation. A verification of this is of course impos- 
sible with a living eye. An ophthalmoscopic examination of 
the eye under investigation yielded negative results. A photo- 
graph of the fundus, however, revealed some interesting points 
that may have significance. The photograph was made with a 
Zeiss-Nordensen camera at the Wills Eye Hospital, Philadelphia, 
by Dr. Alfred Cowan, for whose interest and codperation on this 
point the writer wishes to express her very great appreciation. 

The photograph of the central portion of the fundus is shown 
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in Fig. 38. At the extreme left of the picture will be seen the 
edge of the optic disc or papilla; at the center, three small bright 
discs, corneal and lenticular reflexes; slightly below these and 
to the right a dark spot, the fovea centralis; and encircling the 
fovea at a distance of approximately 4° a clearly defined light 
ring which may perhaps be considered to represent a zone of 
dense macular pigmentation. In any event its location and extent 
correspond closely with the zone of decreased sensitivity to blue 





Ficure 38. Photograph of the fundus showing the macular reflex. 


and increased sensitivity to yellow. A second less clearly defined 
ring will be noticed concentric with the first at a distance of about 
6°-8° from the fovea. As no threshold determinations were 
made in the region corresponding to this second ring, it is im- 
possible to determine from our data whether or not it sustains 
any relation to the anomalies in sensitivity to blue and yellow. 

The coincidence of the inner ring with the zone of anomalous 
sensitivity to blue and yellow was ascertained as follows: The 
distance from the inner edge of the blind spot to the fovea was 
determined in degrees on the Ferree-Rand perimeter for the eye 
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in question, and the corresponding distance in the photograph was 
measured in millimeters by means of vernier calipers reading to 
tenths of amm. From these two values a scale of relationship 
was determined from which the distance of the ring from the 
fovea could roughly be converted into degrees. The distances 
between the fovea and the inner and outer edges of the ring 
in the four principal meridional quadrants, nasal, temporal, 
upper and lower, were found to be respectively 2.8°-4.5°, 3.8°- 
5.3°, 3.5°-5.9°, and 2.8°-3.5°, with the points of greatest 
density as nearly as could be determined by inspection of the 
photograph at 3.6°, 4.8°, 4.6° and 3.1°. That the deviations of 
these locations from exact coincidence with the region of anoma- 
lous sensitivity to blue and yellow fall within the limits of experi- 
mental error may be inferred with a reasonable degree of 
probability from a consideration of the conditions under which 
the latter were determined, 7.¢., a 1° stimulus was used in making 
the threshold determinations and no determinations were made 
between 2° and 4° and between 4° and 5° from the center of the 
field. In this connection, however, it must be remembered that 
at best only a relationship between a photographed macular reflex 
and changes in sensitivity to blue and yellow has been established 
by the above comparison. It has yet to be determined definitely 
whether the macular reflexes which are revealed by inspection and 
photography of the fundus are due to yellow pigmentation. That 
they are may perhaps be inferred from such evidence as has been 
presented here and from the fact that such reflexes are found to 
be more frequent and more pronounced in the races which are 
known to have a heavy macular pigmentation. The results given 
here are presented primarily as an interesting coincidence, to be 
evaluated in due course along with other indirect and corrobora- 
tive data. 

The only other measurements of the chromatic threshold under 
dark adaptation that have as yet been published, so far as the 
writer is aware, are those of Monroe and Almack for central 
vision. Monroe (81) determined the chromatic threshold for 
seven regions of the spectrum for 20 observers. A stimulus sub- 
tending a visual angle of 2°2.2’ was used. Almack (56), in a 
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quantitative study of chromatic adaptation, determined the thresh- 
old value for four spectrum lights. Her stimulus subtended a 
visual angle of 5°44’, a stimulus of this magnitude being needed 
to provide an area sufficiently large for consistency of result in 
experiments in adaptation. Monroe’s, Almack’s and the writer’s 
investigations differ in respect not only to the size of stimulus 
used, but also to the wave-lengths selected. However, it may be 
of some importance and interest to compare the values obtained 
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in the three investigations. This comparison may be made from 
the data given in Table 19. 

It is seen from this table that the writer’s threshold determina- 
tions in all cases except yellow fall near the lower end of the range é 
given by Monroe’s observers for approximately the same wave- 
lengths. For yellow the value for the writer’s threshold is some- 
what lower than any found by Monroe. The order of sensitivity 
from greatest to least for Monroe’s observers on the average was 
for the four principal colors: green, red, blue, yellow; for 
Almack: green, yellow, blue, red; for Wentworth: green, blue, 
yellow, red. For Monroe’s individual observers the order of 
sensitivity is not the same for the four colors. 


TABLE 19. 
Showing the energy value of a ma at the eye (in watts x 10-!*) required just to 
arouse the chromatic sensation under dark adaptation, as determined by Monroe, Almack and 
Wentworth. q 
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Aside from individual differences in color sensitivity, the fol- 
lowing reasons may be suggested for the differences in the three 
sets of results: 

(a) the difference in the wave-lengths investigated, particu- 
larly in the red of the spectrum ; 

(b) the difference in size of stimulus used; and 

(c) the difficulty experienced by some observers in making 
the determination of the yellow threshold, which is discussed by 
Monroe. That is, the transition from the achromatic to the 
chromatic stage of the sensation aroused by weak yellow light is 
apparently more difficult to make by the average observer for this 
than for the other colors. 


II. Achromatic Thresholds. 


The studies that have been made of the achromatic threshold 
or the minimum visible may be divided into two classes: (a) 
determinations of the minimum visible for central vision; and 
(b) determinations of the minimum visible at various points in 
the peripheral field. Among the investigations made for central 
vision may be mentioned the work of Ebert (83), Pfliiger (84), 
Wien (85), Drude (86), Ives (87), Russell (88), Buisson (89), 
Reeves (90), Coblentz (91), and Monroe. Monroe (81) in 1925 
reviewed in detail the investigations of this point preceding her 
own. In the conclusion of this review she states: “‘ The above 
summary of work done by previous investigators shows disagree- 
ment both as to procedure and as to what shall be called ‘ the least 
radiation visually perceptible’ or ‘the minimum visible’. Lights 
differing greatly in composition have been used, spectrum and 
approximate white; and with one exception the energy value has 
been calculated indirectly from measurements made on some other 
source or computed by the use of a mechanical equivalent which 
expresses the relation of the photometric to the energy unit for 
some other source than the one used for the visual stimulus. And 
in case of this one exception the limit of visibility was taken from 
astronomical data on the visibility of stars, the estimates of which 
range from the sixth to the eighth magnitude, rather than having © 


been experimentally determined. 
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‘‘ It would seem reasonable to assume that the minimum visible 
should mean the least amount of radiation visually perceptible of 
the wave-length or range of wave-lengths to which the eye is the 
most sensitive measured in absolute units. So defined, the essen- 
tial conditions for its determination would be a careful search of 
the spectrum for this wave-length to which the eye is most sensi- 
tive, a determination of the limit of visibility with this wave- 
length, and the direct measurement of its energy. In the inves- 
tigations cited above, one and sometimes two, but never all of 
these conditions, have been satisfied. Moreover, in no case, what- 
ever the source of light chosen, has the energy been measured 
and an actual determination of the limit of visibility been made 
for the same light. 

“ By a still more rigid interpretation the determination of the 
minimum visible might also involve the satisfying of other and 
more difficult requirements such as the use of the most favorable 
time of exposure and size of field, the use of the most sensitive 
part of the retina, etc., all of which features would in all proba- 
bility differ in value both for the-wave-length of light employed 
and for the observer” (pp. 51-52). 

Monroe determined for central vision the minimum visible, 
both chromatic and achromatic, at seven points in the spectrum 
for 20 observers. The apparatus and method used by her were 
similar to those employed in the present investigation. They 
differed only in the following regards: (a) a Nernst filament 
was used as the source of light; and (b) the stimulus subtended 
a visual angle of 2°2.2’.. The values obtained for the achromatic 


threshold are as follows: 


Stimulus Energy of Achromatic Thresholds Range of Values 
Red (655 mz) 626.99 watts x 10-16 1209.27 -186.48 watts x 10-16 
Orange (616 mz) lta. " 273.77 - 70.72 “ * 
Yellow (580 mz) a.m" ¥ 49.04 - 11.56 “ ¥ 
Yellow- 

green (553 mz) ye. lig ve 3.24 - 0.718 “ ’ 
Green (522 mz) A. an . 3.469- 1.295 “. ” 
Blue- 

green (489 mz) FDS he . ie ~~ 2.5 Cl” zs 
Blue (463 mz) 6b. 4% * 29.53 - 6.28 “ “ 


A few attempts have been made to determine the achromatic 
thresholds in peripheral regions of the field, among them the 
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studies of Breuer and Pertz, von Kries and Eyster, Abney and 
Watson, and Jones. A brief review of these studies, in so far 
as they bear on the point in question, will be given here. It will 
be noted in this review that Monroe’s general criticism of the 
work of her predecessors on the problem in central vision applies 
also to these investigations in the peripheral field. 

In 1897 Breuer and Pertz under ‘the direction of von Kries 
explored the paracentral field out to 4° in the nasal and temporal 
quadrants and made a cursory examination at 10° and 20°. 
Their scale of intensities was arbitrarily selected, based on varia- 
tions in the distance of a gas flame of constant height from the 
test object. The light of the flame was filtered to bluish white. 
The work was done under conditions of dark adaptation. 
Breuer (92) found an increase in sensitivity toward the periph- 
ery which was rapid from 1°-4° around the fovea, then more 
gradual to a maximum between 10° and 20°, beyond which point 
there was a decrease. He apparently made little exploration 
beyond 20°, however, and no curves are given for points beyond 
4°. In later experiments Pertz (93) explored the parafoveal 
area within a radius of 2.5° with red, blue and yellow light 
obtained with filters, and found the dark-adapted fovea to be 
slightly more sensitive to red light than this area. His curve for 
blue corresponds to that previously obtained for bluish white 
light, that is, the sensitivity from 0.75°-2.5° increases rapidly. 
The curve for yellow, on the other hand, shows a very slight 
increase in sensitivity in the parafoveal area. 

In 1907 von Kries and Eyster (94), using monochromatic 
light, sought to determine the achromatic threshold not only with 
the wave-length to which the eye is most sensitive but also under 
the most favorable conditions of time of exposure, size of field 
and position of the retina used. They selected 507 mp as the 
proper stimulus, apparently on the basis that this part of the 
spectrum had been found to give a maximum bleaching of the 
visual purple. Moreover, this wave-length fell within the range 
of wave-lengths to which Konig had found the eye to be most 
sensitive for a group of observers. Although von Kries and 
Eyster state that the peripheral retina was used, they give no 








ACHROMATIC AND CHROMATIC SENSITIVITY 139 


information as to the approximate meridian, or degree of eccen- 
tricity of the region of the retina stimulated, nor do they state in 
detail the method used in finding the point of ‘greatest sensitivity. 
The source of light employed was a Hefner lamp, the radiations 
from which were reflected from a magnesium oxide surface into 
a spectroscope. The energy values were calculated from Ang- 
strom’s data on the distribution of energy in the light from a 
Hefner lamp. Several field sizes were used but the optimum size 
of field used and the time of exposure giving the greatest sensi- 
tivity are not clear from their description. They state their 
results as follows: : 

“1. Fiir eine merkliche Erregung des Sehorgans ist bei 
Herstellung der giinstigsten Bedingungen hinsichtlich Adaptation, 
Strahlungsart (507 mp) raiimlicher und zeitlicher Verhaltnisse 
eine Energiemenge von 1,3—2,6 x 10° Erg. erforderlich. 

“2. Fur die Sichtbarkeit dauernd exponierter Objeckte ergibt 
sich bei giinstigster Strahlungsart und giistigster ratimlicher 
Anordnung eine Energiezufiihrung von ca, 5,6x 10° Erg. pro 
Sekunde.” 

In 1916 Abney and Watson (95) published interesting results 
on the chromatic and achromatic thresholds for spectrum light at 
the fovea and at 1.25°, 2.5°, 5° and 10° in the lower vertical 
quadrant of the 90° meridian. Spectrum light from a Nernst 
filament was passed through an analyzing slit and focused on a 
magnesium oxide disc so arranged as to subtend a visual angle 
of 34 at the eye. Intensities were cut down to threshold values 
by means of an annular wedge which had previously been cor- 
rected for selective absorption in different parts of the spectrum 
and calibrated so that calculation could be made of that fraction 
of the total light passing through the slit which fell on the disc 
for any wave-length and any setting of the wedge. 

No direct measurements of energy were made. The intensity 
of the light falling on the disc when the slit was placed at the 
sodium line was determined by photometric comparison with a 
standard Hefner lamp and an arbitrary energy unit was selected 
such that an intensity of illumination on the disc of 1 lux (meter- 
candle) was equal to 100,000 such units per square centimeter. 
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The relative distribution of energy in the spectrum used was 
obtained by means of a linear thermopile in terms of the deflec- 
tions of a sensitive galvanometer. The energy of radiation fall- 
ing on unit area of the disc could then be calculated in terms of 
the unit of intensity selected. The coefficient of reflection of the 
disc was obtained and the percentage of light reflected to the eye 
was determined. 

The value of the threshold throughout the spectrum was deter- 
mined for eight observers, completely dark-adapted. .The fixa- 
tion device consisted of a glass rod, one end of which, 1 mm. in 
diameter, was ground and transilluminated by dim red light. 
For observations in the central field the circuits were so arranged 
that pressure of a key cut off the fixation light and exposed the 
stimulus light simultaneously. Both eyes were used in making 
the observation.’ 

The observers were found to fall into two classes. In Class I 
there were three normal and two color-blind subjects, one of 
whom was a protanope (red-blind) and the other had a displaced 
green curve. In Class II there were two normal and one color- 
blind subject, a deuteranope (green-blind). The differences 
found between these two classes of observers are as follows: 
(1) In Class I the fovea was less sensitive than the parafoveal 
region. The gréatest increase in sensitivity was found from 
O-1.25°; a more gradual increase from 1.25°-10°. The amount 
of the increase varied with wave-length. Between 0° and 2.5° 
for 658 mp, for example, it was in the relation of 1:1.14; for 


1 This was done after a preliminary test of results on binocular summation 
had been published by Piper. Piper had found that with a dark-adapted 
eye and stimuli near the threshold, binocular summation occurs. He states 
(a) that when a feebly illuminated surface was examined with both eyes it 
appeared nearly twice as bright as when only one eye was used, and (b) that 
the threshold values for the two eyes used together was about half those 
for either eye used separately. Abney and Watson determined the threshold 
value at the fovea for two observers and at 5° with each eye separately and 
with both eyes used together. They state as a result “that for the typical 
observer for any object subtending a visual angle of 34’ and momentary 
stimulation there is no evidence of binocular summation.” They found that 
“the values were the same for the left and the right eye used separately and 
for the two eyes used together. Great difficulty was found, however, in 
making satisfactory settings when one eye alone was used, as it was difficult 
to adjust the accommodation so as to keep the fixation light always in focus.” 
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415 mz, in the relation of 1:27. In Class II the increased sensi- 
tivity of the parafoveal region was either less pronounced or 
entirely absent. At 2.5° the increase for 658 mp was only 1.05 
times and for 415 mp 1.49 times,’ that at 0°. (2) In Class I 
the chromatic and achromatic thresholds coincided for foveal 
vision; in Class II the fovea had a photochromatic interval for all 
colors except red. : 

In 1921 Wynn Jones (96) determined the minimum visible 
in the peripheral field for white light at 0°, 10°, 20°, 40°, and 
60° in the nasal and temporal quadrants of the 180° meridian. 
Binocular vision was used, since the test was devised to deter- 
mine the light sense of aviators and to conform as closely as 
possible to their working conditions. The stimulus consisted of 
a rectangular area subtending a visual angle of approximately 
10°, illuminated by a Siemans gas-filled lamp giving 20 cp. when 
operated at 0.7 amp. The lamp was connected with a three-dial 
resistance box, graduated to 0.01 ohm. The threshold value of 
the stimulus was determined by adding resistance to the circuit 
and the resultant candle-power of the lamp was read from a 
chart in which cp. was calibrated against current. The cp. of 
the lamp was then multiplied by 0.53, the coefficient of reflection 
of the screen on which the light was thrown, and the value of 
the threshold specified in illumination units. With complete 
dark adaptation Jones found the maximum sensitivity to be 
approximately 20° on the temporal side. There was little change 
in sensitivity from 20°—40°, and slight decrease between 40° 
and 60°. Great individual differences were found, the most 


1 Abney and Watson state that the two classes could readily be distinguished 
by viewing a spot of spectrum light oscillating at critical frequency on a 
white screen at a distance of 1 meter. With 527 mp (green) of moderate 
intensity as stimulus, for the observers in Class I the stimulus was seen to 
change from bright green at the side to dark green as it passed across the 
fixation point; with less intense light it was seen as bright green at the 
sides and disappeared entirely at the center. For the observers in Class II, 
however, there was no change in the brightness of the stimulus as it passed 
across the fixation point, and a continuous band of green was seen for all 
intensities above the threshold. With 632 mu (red) as stimulus, the stimulus 
was seen brighter at the center than at the sides for observers in both classes 
at all intensities. Ten observers were examined briefly by this method, eight of 


whom fell in Class I. 
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sensitive of his observers having a sensitivity 17 times that of 
his least sensitive observer. The order of ranking of the 
observers as to sensitivity was the same, however, for both central 
and peripheral vision. 

In the present investigation the achromatic thresholds were 
determined under dark adaptation at the same points in the four 





























Ficures 39-40. Curves showing the energy values of spectrum lights required 
just to arouse the achromatic sensation from center to periphery in the 180° 
and 90° meridians, dark adaptation. 
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Fig. 39 


principal. quadrants, upper, lower, nasal and temporal, as were 
the chromatic thresholds. The values of these thresholds in 
watts x 10-* are given in Tables 20-21 and are shown in the form 
of curves in Figs. 39-40. It is seen in these charts that the values 
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of the red threshold are far in excess of those of the other three 
colors, particularly for the central and paracentral regions. In 
order to show the comparative thresholds for the four colors, 
it was necessary therefore to use a scale of representation which 
obscured the changes in the threshold values from center to 
periphery in case of yellow, green and blue. In order to show 
these changes, the threshold_curves for yellow, green and blue 
are shown again in Figs. 41-42, plotted on a scale of ordinates 
five times as large as was used in the charts for the four colors. 

The data plotted in the form of sensitivity curves are given 
in Fig. 43. As before, sensitivity is represented as the reciprocal 
of the threshold value in watts. A comparison of the threshold 
and the sensitivity curves shows that the central and paracentral 
relationships of achromatic sensitivity are brought out more 
clearly by the threshold curves; the peripheral relationships by 
the sensitivity curves. This is the reverse of what was found 
in the representation of chromatic sensitivity. 

The following points of interest in these results may be noted: 


1. The achromatic thresholds for all wave-lengths are much 
higher and the sensitivity much lower at the center than at any 
other point in the field of vision. That is, the achromatic sensi- 
tivity of the retina when dark-adapted is much lower at the fovea 
than at any other point. 

2. The sensitivity increases rapidly within the first 5° from 
the center. There is an average percentage increase in sensi- 
tivity for the four meridional quadrants investigated of 1,254, 
901, 263 and 221 per cent for yellow, green, blue and red, 
respectively. The percentage increase in each quadrant for each 
of the colors is given in the following table: 


PERCENTAGE INCREASE IN SENSITIVITY FROM 0° To 5° 


Stimulus Temporal Nasal Upper Lower 
Red (672.6 mp) .....0s0 336 114 214 221 
Yellow ee 1S Wi)... ccuses 1307 1104 1140 1465 
Green ee MAB). scdcvcks 713 1105 683 1104 
Blue Cee SO. Asses 196 486 167 204 


Beyond 5° the sensitivity continues to increase, but more 
gradually, reaching a maximum value between 30° and 50°. 
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From this point to the periphery it decreases somewhat, although 
never reaching the value found for the center: of the field. At 
the edge of the blind spot in the temporal quadrant there is a 
relative loss of sensitivity for approximately 3° on the nasal side 
before the point of complete insensitivity is reached. On the 
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temporal side, however, the demarcation between complete insen- 
sitivity and the sensitivity of the adjacent field is sharp, with no 
apparent gradations. Ophthalmoscopic examination of the 
observer’s eye shows a conus or choroidal crescent on the tem- 
poral side of the disc corresponding to the area of gradual loss 
of sensitivity on the nasal side of the blind spot. Although the 
choroid is rarefied in this area, portions of it remain as indicated 
by the pigmentation present. A partial rather than a complete 
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loss of sensitivity might be expected, therefore, within this area. 
The writer hopes in the near future to obtain further data as to 


Ficures 41-42. Curves showing on an amplified scale the energy values 
of yellow, green and blue spectrum light required just to arouse the achro- 
matic sensation from center to periphery of the field in the 180° and 90° 


meridians, dark adaptation. — 
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the relation of changes in sensitivity immediately about the blind 


spot to ophthalmoscopic findings of this nature. 
3. The maximum achromatic sensitivity to the stimuli em- 
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ployed falls between 40° and 50° in the temporal field, between 
30° and 40° in the lower and nasal field, and between 25° and 35° 
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in the upper field. The position of the maximum for each stim- 
ulus and the threshold values at each point of maximum sensi- 
tivity are as follows: 








Red (672.5 my) Yellow (581.5 my) 
Threshold Threshold 
Degrees Values Degrees Values 
of (watts x of (watts x 
Quadrant Eccentricity 10-13) Eccentricity 10-13) 
SMI fis ccc scene 50 0.026 50 0.0018 
ES eae eee 30 0.043 40 0.0017 
OO SES ae 40 0.020 4) 0.0017 
ME 2G bin no 4 bees 30 0.077 30 0.0024 
Green (522 mz) Blue (468 mz) 
Threshold Threshold 
Degrees Values Degrees Values 
of (watts x of (watts x 
Quadrant Eccentricity 10-13) Eccentricity 10-13) 
IE 6s a0 44:00 40 0.0011 40 0.0039 
SS 6d 64a one <3 40 0.0008 30 0.0037 
ee. cee 30-40 0.0009 30 0.0037 
MS has as 6 Re 25 0.0017 25-35 0.0087 


The point of greatest sensitivity was found, it will be noted, 
at 40° in the nasal quadrant for 522 mp (green).’ The energy 
value at this point is 0.81 watts x 10°®. Although the deter- 
mination of the minimum visible has not been the purpose of the 
present investigation, all the requirements for this determination 
have been fully met with the exception that a minute search has 
not been made of the spectrum to find the wave-length to which 
the eye is most sensitive. One of the stimuli used, 522 my, falls, 
however, within the range of wave-lengths to which previous 
investigators have found the eye to be most sensitive at the 
threshold level of intensity, and coincides with the part of the 
spectrum to which the greatest sensitivity was found by Monroe. 
Furthermore, the determination has been. made for that region of 
the retina found by a careful survey of the four principal 
meridional quadrants to be the most sensitive to the range of 

1This was 10°-20° nearer to the periphery than the point of maximum 
sensitivity obtained by Jones. The conditions used; however, are not com- 


parable, since he used a white light stimulus subtending a visual angle of 10°. 
The size alone of this stimulus rendered impossible any minute search for 


the point of greatest sensitivity. 
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wave-lengths selected. There still remain, it is true, other areas 
of the retina to be examined. The present survey is far more 
extensive, however, than any that has previously been made, and 
the results would seem, therefore, to merit consideration at least 
along with the others purporting to represent the minimum vis- 
ible. For convenience of comparison a brief summary of the 
values previously obtained, as given by Monroe, will be found in 
the following table: 


Wien. . 40.00wx10-16 Reeves............ 1.95 w x 10-16 


Drude-Coblentz . ta von Kries 0.20 
Ives. Rpm se Oe Sill Boswell . eaces. Sune 
Russell; 2. Ge ae Monroe (522 mu) av. 2.30 
Buised. 2.3.67 ee smallest value 0.64 


Present Study (522 mz) 
Central vision 43.61 w x 10-16 
Peripheral vision, smallest value... 0.81 “ “ 


“ “cc 
“ 6“ 


Wee Pe 


The value of the minimum visible for central vision given in 
the present study is higher, it will be noted, than that obtained 
by Monroe, the only one of the above investigators who worked 
under even approximately similar conditions of experimentation. 
The stimulus used by Monroe, however, subtended a visual angle 
of 2°, that of the writer but 1°. Since the threshold value for 
green decreases nearly 75 per cent within 1° of the fixation point 
this difference in size of the stimulus might very easily account 
for the differences obtained, aside from the individual variations 
which are known to exist. 

4. The curves showing the variation in achromatic sensitivity 
from center to periphery in a given meridian are quite different 
in character for the different wave-lengths. Viewed as topo- 
graphical outlines of the levels of sensitivity, for the different 
wave-lengths in any meridional quadrant, the curve for red forms 
in effect a broad low plateau showing little change in level from 
center to periphery; the curves for blue and yellow rise to higher 
and more rounded levels; while the curve for green is highest 
throughout in all quadrants and culminates in a sharp peak with 
steeply sloping sides in all quadrants but one. 

5. Not only ts there a great difference in the relative sensi- 
tivity to wave-length at a given point but this difference changes 
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from point to point in the same quadrant. In order to bring out 
these differences more clearly the same type of comparison was 
made of achromatic sensitivity to the different stimuli used as 
has already been made for chromatic sensitivity, light and dark 
adaptation. This comparison is given in Table 22 and the series 


Achromotre Sensitiwity 
Dork Ado, ‘orn = 
—— Yolo; :A * I8I5 mut 
wa Fed 3) 2672S 7} 
wee Greer ).= 522) ye 
escees Ble’ ih #463 IN 


Yo Veridian 


180° {leridjan 
Desel Terpora/ 


. 
® 
“ 
> 
» 
i 
- 
a) 
N 
e 


200 ri 









RO /o o x 
Degrees of Eecentricity tr Field of 3107 


Figure 43. Curves showing the achromatic sensitivity to spectrum lights 
from center to periphery of the field in the 180° and 90° meridians, dark 


adaptation. 


of curves in column 3, Fig. 12. These curves are plotted in the 
form of four-point sensitivity curves. They show the relative 
sensitivity to the different stimuli at intervals of 10° in the tem- 
poral 180° quadrant selected as typical, when the maximum sensi- 
tivity at each point is represented as unity. The highest sensitivity 
in every case is to green and the lowest to red. The order of 
sensitivity from highest to lowest at the center is green, blue, 
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yellow, red. At every other point the order is green, yellow, 
blue, red. A comparison of the series of curves given in the 
three columns of Fig. 12 shows that there is more uniformity in 
the order of sensitivity to the different stimuli from point to point 
in the same quadrant in case of achromatic sensitivity, dark 
adaptation, than in case of chromatic sensitivity, either dark or 
light adaptation. 

In connection with the question of selectiveness of sensitivity 
to wave-length at threshold intensities, a comparison of results is 
possible only with those obtained by Monroe for central vision. 
The threshold values obtained for central vision in each case are 


as follows: 


Threshold Values (watts x 10-13) 





~ 


Monroe (20 observers ) 





Wave-length Wentworth Average Range 
Red Ee 0.673 
Red gk a aarp 0.626 1.209 -0.0186 
Yellow (581 mu)............. 0.151 0.0279 0.049 -—0.012 
es, OS eee 0.043 0.0019 0.0034-0.0012 
Blue See MUON, Sc icedoiax 0.051 
Blue OPS ee ee eee 0.0151 0.029 -0.006 


It will be-noted that the order of ranking of the colors as to 
sensitivity is'the same for both investigations. The greatest dif- 
ference is in the magnitude of the threshold values for yellow 
and green. Since the threshold values for both of these stimuli 
are lowered from 60-75 per cent within 1° of the center of the 
field, the disparity may well be accounted for on the same grounds 
as that found in the determinations of the minimum visible, 
namely, size of stimulus. 

In concluding this section, it may be of interest to point out 
that, in so far as there is lower sensitivity at the fovea than in 
the parafoveal region, the writer belongs to Class I of the observ- 
ers of Abney and Watson. She differs from these observers in 
that there was a lower sensitivity at the fovea to red as well as to 
the other colors and in that a photochromatic interval, though 
small, was found at the center of the field for all the stimuli 


employed. 
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III. The Photochromatic Interval. 


By photochromatic interval is meant the colorless interval 
between the achromatic and chromatic thresholds for any given 
chromatic stimulus. It is possible, therefore, to express this 
interval on the stimulus scale in absolute terms,—terms which 
admit of numerical comparison not only from wave-length to 
wave-length but also from point to point in the field. The latter 
comparison is of particular interest since to the writer’s knowl- 
edge the photochromatic interval has never before been made 
a subject even for consideration for the paracentral and periph- 
eral portions of the field. Indeed, for central vision there has 
been but one determination of the absolute value of the photo- 
chromatic interval, that of Monroe in 1925. Previous to this, as 
she has pointed out, the interval had been discussed only in most 
general terms. Tschermak (97), Fick (98), von Kries (99), 
Hering (100), and others noted its existence and that it varied 
under different conditions. Charpentier (101) alone had at- 
tempted to make a numerical statement of its value. Using as 
stimulus the light from a solar spectrum focussed on ground 
glass, he reduced the intensity to the threshold value by means of 
a diaphragm and expressed the relation of the achromatic to the 
chromatic threshold in terms of the square of the diameter of 
aperture used. No measurements were made, either photometric 
or radiometric, and the wave-length was not specified. His ratios 


were as follows: 


Rouge extreme... 
se ces scm eee bas 
Jaune.... 

Vert moyen... 

Bleu franc, région moyenne 


In 1892 Abney and Festing (102) determined the achromatic 
and chromatic thresholds throughout the spectrum. They did 
not, however, attempt to assign any values, either relative or 
absolute, to the photochromatic interval as such, nor can these 
values be calculated from their data because of the indefinite 


specification of their stimulus. 
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Monroe (81) determined the value in radiometric units of the 


achromatic and chromatic threshold at seven points in the spec- 
trum for twenty observers. From these data she calculated the 


photochromatic intervals as follows: 


| Value of Interval Ratio 
Wave-length (Watts x 10-13) (Yellow = 1) 

i. dada pasadue 1.1530 01 
I, i= on cg andes ee 5.4897 .06 
Bs ck bovd avciene came 95 .6720 1.000 
NS 65s 6a 6isses sedans 0.8533 .009 
I a. ss nose ap aenede 1.4295 .02 
We SNS, on os ve sb OR aS 6.4219 .07 
MNS 6 oe u'n vn eee ae 8.1043 .08 


She obtained a curve for these values sustaining roughly, as 
might be expected, an inverse relation to her curve of chromatic 
sensitivity. That is, the smallest photochromatic interval and 
greatest chromatic sensitivity were in the yellow-green; the 
greatest interval and least sensitivity, in the yellow. 

In the present study the photochromatic interval was deter- 
mined at near-lying points from center to periphery of the retina 
in the four principal meridional quadrants,—upper, lower, tem- 
poral, and nasal. The points at which the determinations were 
made and the values obtained are given in Tables 23-24. 

For convenience of comparison and graphic representation, 
Table 25 has been compiled to show for the different stimuli at 
each point the relative values of the interval when the maximum 
value at that point is taken as unity. At all points more than 30° 
from the center, however, one or more of these stimuli remains 
colorless whatever its intensity; that is, the photochromatic 
interval for it approaches infinity. 

Graphic representations of these data are given in Figs. 44 and 
45. In these representations the photochromatic interval is 
shown in black, the remainder of the figure in white. Degrees of 
eccentricity are plotted along the abscissa and energy values 
(watts x 10°*) along the ordinate. Because of the great range 
in the values of the photochromatic interval from center to 
periphery, a constant scale of ordinates could not be used without 
masking the relatively small variations in the interval near the 
center. To obviate this, the plan was adopted of representing all 
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values above 5 watts x 10-* on a scale minified in the relation of 
1:20. This minification is made evident in the charts by the 
horizontal lines which are drawn at intervals of 5 watts x 10-™. 
By this method of plotting the intervals for green and blue and 
in nearly all cases for red and yellow within 30° on either side 
of the center, the most interesting and important region of the 
field, are represented without distortion. The values for red and 
yellow at points beyond 30° in the insensitive periphery are, how- 
ever, reduced. Other methods of plotting could, of course, have 
been employed: (a) A logarithmic scale of ordinates could have 
been used, or (b) the intervals in the central and paracentral 
portions of the field could have been shown in an inset drawn to 
an amplified scale, as was done in representing the values of the 
chromatic thresholds in an earlier section of the paper. 

The variations in the relative values of the photochromatic 
interval from center to periphery of the field have been shown 
also in the form of four-point: curves. In drawing these curves 
the highest value of interval is taken as unity. The relationships 
are shown at 2°, 4°, 5°, 10°, 15°, 20°, and 30° from the center 
of the field in the temporal, nasal, upper and lower quadrants 
(Fig. 46). | : 

The following points may be noted: 

(1) In general the photochromatic interval may be said to 
increase progressively from center to periphery. This increase, 
however, is subject to fluctuations of considerable extent, particu- 
larly for red, due chiefly to the great irregularities in the values 
of the chromatic thresholds from point to point. Of interest in 
this connection, too, are the small peaks of iricrease in the graphs 
for blue occurring at 4° from the center and the decrease in the 
intervals for yellow at the same point. It will be remembered 
that the chromatic sensitivity curves showed a sudden decrease in 
sensitivity to blue at this point and a corresponding increase in 
sensitivity to yellow. 

(2) A marked difference is seen to occur in the rate of increase 
in the value of the interval from center to periphery for the dif- 
ferent wave-lengths. The interval for red, which is extremely 
small at the center, increases abruptly within 1° or 2°, changing 
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Ficures 44-45. Charts showing the photochromatic interval for spectrum 
lights from center to periphery of the field for the 180° and 90° meridians, 
dark adaptation. 
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Ficure 46. Four-point curves showing a comparison of the values of 
the photochromatic interval for spectrum lights at selected points in the 180° 
and 90° meridians, when the maximum value of the interval at each point is 


taken as unity. 
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from a minimum to a maximum value in relation to the other 
wave-lengths. The interval for yellow which is of maximum 
value relative to the other wave-lengths at the center is seen to 
increase abruptly at approximately 5° from the center. The 
interval for green, on the other hand, increases gradually to 10° 
or 15°, then abruptly to 30°, where it approaches infinity; while 
that for blue increases gradually with no abrupt changes from 0° 
to 30°, where it, too, approaches infinity. 

(3) There ts a great variation in the relative size of the inter- 
vals for the different wave-lengths from point to point in any 
meridian. As is shown in Table 25, at the center of the field the 
interval is greatest in the yellow, then in the order from greatest 
to least of blue, green and red. From 2° to 15° the maximum 
value occurs in the red, with the exception of the region from 
5° to 10° in the nasal quadrant, where it is in the yellow. From 
15°—30° it is, with a few exceptions, in the green. At 30° it 
shifts again to the long wave-length end of the spectrum. Be- 
yond this point the interval becomes infinite for blue and green, 
and is larger for red than for yellow. Although a general tend- 
ency is shown for the maximum interval to shift from the long 
wave-lengths at the center to the short wave-lengths in the mid 
periphery, numerous irregularities of ratio occur from meridian 
to meridian and from point to point in the same meridian. In 
fact, irregularity of ratio from point to point for the different 
wave-lengths seems to be the rule. This is particularly true in 
the upper and nasal quadrants. For example, in the latter quad- 
rant the maximum shifts from yellow to red at 2°, back to yellow 
at 5°, to green at 15°, back to red at 20°, returning to green at 
25° and to yellow at 30°. It may be of interest to note that the 
greatest regularity and similarity were found in the temporal and 
lower quadrants, the quadrants which correspond to the parts of 
the retina most frequently used in every day life. 

With the exception of the yellow-green, which was not inves- 
tigated in this study, the values of the photochromatic interval 
at the center of the field give a curve fairly comparable to that 
obtained by Monroe. The writer's maximum was proportion- 
ately less, however, in comparison to the values for the other 
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wave-lengths, due apparently to a much greater sensitivity in the 
yellow than was obtained by the majority of Monroe’s observers. 


C. THe Errect oF STATE OF ADAPTATION OF THE EYE ON 
CHROMATIC SENSITIVITY, CENTRAL AND PERIPHERAL. 


That the state of general adaptation of the retina is a factor 
which affects the eye’s powers of response has for a long time 
been recognized, and careful laboratory workers have in recent 
years not only controlled and specified the intensity of the illu- 
mination under which their work was done, but have provided 
more or less adequate preliminary periods during which the eye 
became adapted to the intensity of light that was employed. It 
is surprising, therefore, to find that very few studies have been 
made which were planned to show directly the effect of this factor 
in case of the various types. of visual response. The obvious 
requirements of such a study are (a) two or more intensities of 
illumination to which the eye is to be adapted for the required 
length of time; and (b) stimuli to arouse the response under 
investigation which are completely independent of the illumina- 
tions used to produce the adaptation. 

Among the few studies on the various types of response which 
have satisfied these requirements more or less completely, the 
following may be mentioned : 

Nutting (103), in 1916, determined the threshold for white 
light in ml. immediately after sensitizing the eye by exposure 
to a surface of known brightness. Twelve brightnesses were 
used ranging from .00000071-2000 ml. The sensitizing field 
was 60 cm. square and was viewed at a distance of 35 cm. The 
visual angle subtended by this field was approximately 82°. 
After the eye had been sensitized (length of sensitizing period 
not stated), the illumination of the field was cut off and the 
brightness determined which made a small square at the center 
of vision just visible. Nutting’s results show that “ the curve 
[representing the variation of the threshold with variation of 
the brightness of the sensitizing field] is a straight line except at 
the ends and with a very slight dip in the region of ordinary 
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brightnesses indicating that there the retina is a little more sensi- 
tive than normal.” At the lowest intensity the threshold value 
was .00000071 ml.; at the highest 3.980 ml. The ratio between 
these two values is 1 :5,605,634. 

Nutting’s experiments, it scarcely need be pointed out, show 
the effect of a somewhat extensive local preexposure rather than 
of a complete adaptation of the whole retina. 

In 1920 Ferree, Rand and Buckley (104) published the results 
of a determination of the minimum illumination in meter-candles 
required just to discriminate an acuity object (detail to be dis- 
criminated, 1 min. visual angle) when the eye was completely 
adapted to an illumination of 80 ft.-c. and when it was dark 
adapted. Six observers were used. The difference in the 
amount of light required to discriminate the test-object under the 
two conditions of adaptation ranged for the different observers 
from 0.20—1.07 m.c., average 0.65 m.c., the percentage difference, 
from 57-195, average 123. 

In both of the above studies the threshold values for the light- 
adapted eye were determined in the dark immediately after the 
sensitizing light had been cut off. | In the next two studies and 
in the work of the writer, in all of which spectrum light was used 
as stimulus, the eye’s response was obtained under the illumination 
to which it had been adapted. | 

In 1928 Sloan (82) investigated the eye’s selectiveness of 
achromatic response to wave-length by the equality of brightness 
method with the eye adapted to 12.5 ft.-c. of daylight illumination 
and with the eye dark-adapted. The results were represented in 
the form of visibility curves. The data for these curves were 
obtained by taking the reciprocals of the energies required in the 
different parts of the spectrum to give equal achromatic responses. 
Two sizes of photometric field were used, 57’ and 4°49’, and 
twelve levels of intensity ranging from 75-.001 m.c. She found 
particularly for low and medium intensities that the selectiveness 
of the achromatic response to wave-length was different for the 
two states of adaptation. For example, at medium intensities 
(2-10 m.c.) for the extrafoveal size of field there was an increase 
in relative achromatic sensitivity with light adaptation of 57 per 
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cent at 619 mp and 124 per cent at 643 my». At low intensities 
the differences were very much greater. At .01 m.c. with light 
adaptation there was a very great increase in relative sensitivity 
between 557 and 697 mp» and a decrease between 557 and 454 mu. 
Sloan points out the important bearing of her results on the tech- 
nique of heterochromatic photometry: and on the precautions 
which should be used for the control of state of adaptation in the 
work of the standardizing laboratories. 

Also in 1928, Almack (56) published a quantitative study of 
chromatic adaptation, in which the loss of chromatic sensitivity 
for appropriately selected intervals of time was compared for 
several conditions of intensity, brightness and saturation of the 
stimuli under dark adaptation and under an adaptation to 214 
ft.-c. of daylight illumination. The loss of chromatic sensitivity 
was measured by the threshold method. Of interest in relation 
to the present study is the fact that the first point of her adapta- 
tion curves represents for the non-fatigued eye the threshold 
values for the stimuli used. From these values, therefore, a 
direct comparison can be made of the chromatic threshold for 
central vision under conditions of light and: dark adaptation. 
The following stimuli were used: red (670 mp), yellow (579 mp), 
green (515 mp) and blue (466 mz). The stimulus subtended a 
visual angle of 5° 44’. A stimulus of this magnitude was needed 
to provide an area sufficiently large for consistency of result in 
experiments in adaptation. The chromatic thresholds were meas- 
ured in energy units. The ratios of these thresholds for light 
and dark adaptation for central vision, as’ computed from 
Almack’s data, are, for red 1:13, for yellow 1:7, for green 1:21, 
and for blue 1:8. 

The present study also furnishes a comparison of the effect of 
state of general adaptation on the chromatic sensitivity of the eye. 
In this study, moreover, the comparison can be made not only at 
the center of the field, but for some 60 or more points in the 
periphery. The comparison of the thresholds for color at various 
points in the peripheral field and at the limits of sensitivity is of 
particular interest and importance in view of the attempts that 
have been made to introduce dark-room perimetry in the study of 
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eye diseases. The two conditions of adaptation for which the 
chromatic sensitivity of the eye was determined were complete 
dark adaptation and light adaptation in which the eye was sensi- 
tized to 7 ft.-c. of illumination. The method of obtaining this 
illumination is given in detail on p. 61. The stimuli used were 
those described in the earlier sections of the study. 

The results of this comparison are given in Figs. 47-50. The 
curves designated by the numeral (1) represent the chromatic 
sensitivity of the eye when completely dark-adapted; those desig- 
nated by the numeral (2), the chromatic sensitivity at the same 
points for the eye adapted to 7 ft.-c. of illumination. Degrees of 
eccentricity in the field of vision are plotted along the abscissa. 
Sensitivity is plotted along the ordinate. In Figs. 47 and 48 
the curves for the four colors at both states of adaptation are 
shown for the temporal and nasal quadrants of the 180° me- 
ridian; in Figs. 49 and 50, for the upper and lower quadrants of 
the 90° meridian. 

In any comparison of the effect of state of adaptation on the 
chromatic response of the eye in the central and peripheral por- 
tions of the field, the difference in the range of change of adapta- 
tion from the center to the periphery should of course be kept in 
mind. That is, the range has its maximum value at the center 
where the retina receives direct illumination from the pupillary 
aperture, and its minimum value at the periphery where it always 
receives relatively: low intensities of illumination. In passing 
from the center to the periphery, therefore, the process of adapta- 
tion begins at progressively lower levels. 

In connection with the present study the following points of 
interest may be noted: 

(1) The sensitivity of the dark-adapted eye to color is far in 
excess of that of the light-adapted eye within a radius of 30° 
from the center. At the center it is from 7—40 times greater, 
depending on the wave-length, and at 10°-30° from the center 
it is from 3-50 times greater. 

(2) The increase in sensitivity of the dark-adapted as com- 
pared with that of the light-adapted eye at the center of the field 
is approximately 4 times greater for the blue and green than for 
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Ficures 47-50. Curves showing the chromatic sensitivity of the eye to 
spectrum lights from center to periphery of the field in the 180° and 90° 
meridians under conditions of (1) dark adaptation and (2) adaptation to 
7 ft.-c. of illumination. 
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the red and yellow stimuli. The ratio of sensitivity of the dark 
and light-adapted eye for central vision is, for yellow 7:1, for red 
10:1, for blue 26:1, and for green 40:1. The relatively greater 
increase in sensitivity to blue and green as compared with red and 
yellow under dark adaptation remains approximately the same to 
30° eccentricity. 

(3) With a light-adapted eye, it will be remembered, all the 
colors may be sensed to the extreme periphery of the field. With 
a dark-adapted eye red and yellow may be sensed to the extreme 
periphery, but the sensitivity to blue and green ends at points 
ranging between 30° and 40° in the various quadrants examined. 
Beyond these points blue and green lighten to such an extent with 
a dark-adapted eye that the color seems to be extinguished by the 
unfavorable achromatic component of the excitation. In this 
portion of the field any increase of intensity of light serves only 
‘o shift the sensation further towards white. 

(4) At points between 30° and 60° the sensitivity curves for 
ight and dark adaptation for both red and yellow are seen closely 

) approach each other, the greater sensitivity, however, still 
oeing for the dark-adapted eye. _ From 50° or 60° to the periph- 
ry of the field the curves interlace. This interlacing is particu- 
larly characteristic of the curve for yellow. 

(5) There is a marked difference in the rate at which the 
chromatic sensitivity changes from center to periphery under 
conditions of light and dark adaptation. For the dark-adapted 
eye the curves for red, green and yellow show high peaks of sen- 
sitivity in central vision, from which they decrease rapidly to 
pproximately 10° from the center and then more slowly to the 
periphery. The curve for blue also shows a high peak of sensi- 
tivity in the center; it then drops sharply for the first 4°, rises 
again nearly to its central value at 10°, then drops continuously 
ind rapidly to zero at 30°. It is of interest to note in this con- 
nection that there is a small secondary maximum of increased 
‘ensitivity to yellow 4° from the center at the point of the sharp 
decrease of sensitivity to blue. 

For the light-adapted eye, on the other hand, sensitivity 
lecreases slowly toward the periphery from a relatively low 
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maximum value at the center. The result is a low, rounded, 
gently sloping curve in sharp contrast to the high narrow peak 
of the curves for the dark-adapted eye. 

For example, as shown in Table 26, the sensitivity to yellow 
for the light-adapted eye between 0° and 10° decreases not more 
than 22 per cent in any meridian, with an average change of 10 
per cent, while for the dark-adapted eye the corresponding change 
ranges from 50 to 80 per cent, with an average change of approx- 
imately 70 per cent. Further, the percentage decrease in sensi- 


TABLE 26. 


Showing the percentage decrease in sensitivity to spectrum lights in the temporal and nasal 
quadrants of the 180° meridian and the lower quadrants of the 90° meridian under conditions of 
light and dark adaptation (A) from 0-10° and (B) from 0-5°. 


A. ° 








Percentage Decrease in Sensitivity from 0° to 10°. 
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tivity for the dark-adapted eye as compared with the light-adapted 
eye is roughly from 4-50 times greater for yellow, varying with 
the quadrant considered; from O—3 times greater for red; from 
1-7 times greater for green. The average values of decrease in 
sensitivity for yellow, red and green are respectively 20, 2 and 4 
times greater for the dark than for the light-adapted eye. The 
sensitivity to blue, on the other hand, shows a smaller percentage 
decrease for the light-adapted eye for this region of the field of 
vision, due to the occurrence of a second peak of sensitivity to 
blue in the curve at 10° for the dark-adapted eye. If, however, 
the interval from 0°-5° is considered, the percentage decrease is 
found to be from 6-64 times greater for the dark than for the 
light-adapted eye, and on the average 30 times greater. The per- 
centage decrease would be still greater were the interval taken 
from 0°-4°. One could hardly desire a more striking demon- 
stration than this of the fallacy involved in drawing conclusions 
as to the rate and manner of change in the sensitivity of the retina 
to color based on an examination at the center and limits of the 
field, or even at relatively remote points of the retina. The mis- 
conceptions that have been held in this connection and the very 
great importance of their bearing on clinic and laboratory methods 
and technique and on the conclusions that have been drawn for 
practical and theoretical purposes have been noted in an earlier 
chapter. 

(6) Variations in sensitivity, particularly around the macula, 
are brought out more clearly with dark adaptation. This effect 
is especially noticeable for blue and yellow. As has already been 
shown, the increase in sensitivity to yellow at a point 4° from the 
center of the field is accompanied by a decrease in sensitivity to 
blue. Another example of this reversal of ratio of sensitivity 
to the paired colors is found at a point 10° from the center in the 
lower quadrant, where a sudden increase in sensitivity to red and 
a sharp decrease in sensitivity to green occur. No corresponding 
variations were observed when the eye was light-adapted. 

(7) A comparison of results obtained by the writer at 7 ft.-c. 
of illumination and by Ferree and Rand (1) at 32 ft.-c. with the 
same spectrum stimuli shows for central vision an approximate 
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equality of sensitivity within the limits of individual variation; 
but for the mid periphery there is comparatively a much greater 
sensitivity at 7 ft.-c. From this fact and the results obtained by 
the writer under light and dark adaptation, it would not seem 
improbable to conclude that the chromatic sensitivity of the 
peripheral retina, at least within 30° or 40° of the center, increases 
with decrease in the illumination to which the eye is adapted. 

That the illumination to which the eye is adapted is a prominent 
factor in the chromatic sensitivity of the retina is obvious from 
the foregoing results. This factor should then be included as one 
of those which have caused the variable and contradictory results 
obtained by different investigators. The results also bear 
directly on the attempts that have been made to introduce dark- 
room perimetry into diagnostic work. The results of this study 
clearly indicate that perimetry under dark and light adaptation 
cannot be used interchangeably. Perimetry under dark adapta- 
tion will have to be used either as a supplement or a substitute for 
perimetry under light adaptation. The former is scarcely feasible 
and the latter from the standpoint of range of serviceability and 
accomplishment is not desirable. 





V. SUMMARY. 


A comprehensive survey of the threshold sensitivity of the 
retina, both achromatic and chromatic, has been made from 
center to periphery in a number of meridians. The determina- 
tions have been quantitative as far as is possible in work of this 
type; that is, spectrum lights of a definite composition and purity 
have been used as stimuli and all measurements of the intensity 
of these stimuli have been made in terms of energy. This pro- 
cedure is obviously essential if a comparison is to be made of the 
sensitivity of the retina to wave-length at a given point or for a 
given wave-length from point to point in the same or in different 
meridians. 

In order to ascertain the effect of state of adaptation on chro- 
matic sensitivity, the chromatic thresholds have been determined 
under light and dark adaptation. For the work in light adapta- 
tion the intensity of illumination used was that which has been 
adopted as standard in the clinic practice of perimetry :—7 ft.-c. 
A careful control was exercised of all the variable factors which 
have been found to influence the chromatic response from center 
to periphery of the field. The influence of brightness of pre- 
exposure and surrounding field, for example, was eliminated by 
using in every case a preexposure surface and surrounding field 
of the brightness of the stimulus at threshold intensity at the 
point in the field for which the threshold was determined. 

The achromatic thresholds were determined with a completely 
dark-adapted eye at the same points in the field as were used for 
the chromatic thresholds. From a comparison of these two sets 
of threshold values, it has been possible to designate for the first 
time in an absolute scale of intensities for all the stimuli used and 
points examined, the value of the photochromatic interval. This 
marks the limits of the first important qualitative change in the 
retina’s reaction to intensity of spectrum light. 
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Especial attention has been given also to the variations in the 
light and color sensitivity of the dark-adapted eye in and around 
the macula. This, it scarcely need be noted, has an important 
bearing on systematic and theoretical interests. 

The size of stimulus used throughout subtended a visual angle 
of 1°16, a size which would fall, according to the measurements 
given by Parsons and others, within the rod-free area of the 
fovea. When working in the light room an adaptation period of 
30 minutes was given. In the dark room a period of 45 minutes 
was found to be sufficient for complete dark adaptation. The 
spectrum lights used as stimuli were freed from residual impuri- 
ties by the use of filters specially selected for this purpose, and 
the energy of these stimuli was measured both at the analyzing 
slit of the spectroscope and at the eye by means of a bismuth- 
silver thermopile and a Thomson galvanometer designed for use 
with this thermopile. 

The results of the experiments carried out under the above 
conditions may be summarized as follows :’ 


I. With Licut ADAPTATION (PREEXPOSURE AND SURROUND- 
ING FIELD OF A GRAY OF THE BRIGHTNESS OF 
THE STIMULUS). 


1. There was wide variation in the chromatic sensitivity to a 
given range of wave-lengths from center to periphery in the 
same meridian. The sensitivity to yellow, for example, was 
found to be in the different quadrants from 276 to 5170 times 
as great at the center as at the periphery; for green this range of 


1 While the use of more than one observer in these experiments was pre- 
cluded by the range of work covered, validity of result was secured not only 
through the standardization and control of all factors known to influence the 
sensitivity of the retina to color but also through careful tests of the normality 
of the observer as to acuity, light and color sensitivity and visual fields and 
of the characteristics of peripheral refraction of the eye employed. In so 
far, then, as the eye used in the investigation may be regarded as representa- 
tive of the normal eye, and with due regard to individual variation, the con- 
clusions drawn may be considered to have a general application. In this 
connection, the relation of the results of the present study to those previously 
obtained in the series of investigations of the sensitivity of the eye to color 
conducted by Ferree and Rand should be borne in mind. 
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ratios varied in the different quadrants from 40 to 2443; for 
blue, from 659 to 3298; and for red from 728 to 4885. 

2. Great irregularities occurred in the ratio of sensitivity from 
point to point for a given color in the same meridional quadrant 
and at corresponding points in different quadrants. 

3. Great irregularities occurred also in the ratios of sensitivity 
to the different colors from point to point in a given meridional 
quadrant and at corresponding points in different meridional 
quadrants. Particularly notable among these anomalies of rela- 
tionship are the small regions of decreased sensitivity to one color 
with no loss of sensitivity to the other colors. In some quad- 
rants the depression in sensitivity amounts almost to complete 
blindness to color. For the eye under investigation they were 
found to be greatest in frequency and magnitude for the blue 
stimulus. The recurrence of such anomalies in the normal eye is 
of interest and importance both in relation to theory and to the 
uses that are made of the study of the visual field in the diagnosis 
of disease. | 

4. With a high intensity of stimulus of the size used (1° 16’) 
the limits of chromatic sensitivity to yellow were found to be 
coextensive with those for white light vision. This was also true 
for red except in the upper temporal quadrant beyond 90° where 
it appeared as yellow, and for blue except in the temporal and 
lower temporal quadrants beyond 95° where it appeared as white. 
The limits for green fell inside the limits for red and blue in the 
temporal and lower nasal quadrants. 

5. With stimuli of equal energy for all but very high intensi- 
ties an interlacing or crisscrossing of limits was found for red, 
blue and green. At all intensities with stimuli equalized in energy, 
the limits for yellow fell outside those for red, blue and green. 
The interlacing of limits for red, blue and green is thus not neces- 
sarily a pathological phenomenon as was formerly believed by 
diagnosticians. It is, rather, a characteristic relationship for the 
normal eye when stimuli of the same or nearly the same physical 
intensity are used, and is due to the wide variations in the ratio 
of sensitivity to the colors in question from quadrant to quadrant 
of the different meridians. 








ACHROMATIC AND CHROMATIC SENSITIVITY 179 


6. Contractions of the field, changes in the shape of the field, 
and reversals in the order of ranking as to the breadth of the 
field also are not necessarily pathological phenomena. All may 
be produced for the normal eye by varying any of the factors 
which strongly affect the retina’s response to color. Changes in 
size of field from very narrow to very wide may be produced by 
varying either the size or the intensity of the stimulus. Changes 
of shape are a corollary of change of size, due to the unequal 
change in sensitivity to a given color from center to periphery in 
the different meridional quadrants. Reversals of order of rank- 
ing as to breadth of field also follow wide variations in size due 
to the reversal in the ratios of sensitivity to the different colors 
which are found to occur in passing from the center to the periph- 
ery of the field. Extensive variations in size, shape and relation- 
ship of the fields not only may be produced by varying the factors 
which influence the chromatic response of the retina, but will take 
place as a normal result of variations in conditions which occur 
from time to time and from place to place in the practice of 
perimetry unless great care is exercised as to standardization 
and control. 

7. A general tendency was found for the area of the color fields 
to vary with the logarithm of the intensity of the stimulus light. 

8. A comparison of the limits obtained at the various levels of 
intensity with those obtained under similar experimental condi- 
tions and with the same observer for the standard pigment papers 
of the Heidelberg series on the Ferree-Rand, perimeter, shows 
that the effective intensity of a 1° stimulus of the red and blue 
of this series corresponds closely to an energy value of 100 watts 
x 10° for the spectrum stimuli; that of the green to an energy 
value of 50 watts x 10°*. From a consideration of the relative 
intensities of these stimuli the order of ranking as to breadth of 
field obtained with the Ferree-Rand perimeter can also readily be 
understood, i.¢., the field for green is the narrowest and the limits 
for red and blue interlace. The reason for the traditional rank- 
ing of the fields from widest to narrowest in the order of blue, 
red, and green may also be inferred from a consideration of the 
relative intensities of these stimuli and other data presented in 
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this study. The intensities of the pigment stimuli used with the 
older perimeters were in all probability in the order from highest 
to lowest intensity, blue, red, and green. 

The pigment stimuli, it will be noted, are of comparatively low 
intensity. It should be obvious that stimuli of this order of 
intensity can not bring out comprehensively the true character- 
istics of the retina’s response to color, yet many assertions as to 
the characteristics of retinal response and points of color theory 
have been based on explorations of the retina with stimuli of this 
order of intensity. 

9. Changes in comparative sensitivity to the different colors 
were found to sustain an interesting relationship to the hue 
changes of the red and green stimuli. That is, at those points 
where a loss of sensitivity occurs to one of these colors relative to 
that for yellow, a change of hue towards yellow is found for that 
color. This is explained on the ground that red and green stimuli 
also arouse a weak yellow excitation which is subliminal if the red 
or green sensation is strong. Towards the periphery, however, 
where the sensitivity to red and green decreases more rapidly than 
that to yellow, or at other points where a relative decrease in 
sensitivity to one or the other of these colors relative to that for 
yellow occurs, the yellow excitation rises above the threshold of 
sensation and is seen in combination with the red or green. 


II. WitnH Dark ADAPTATION. 


A. Chromatic Sensitivity. 


1. With the dark-adapted eye chromatic sensitivity was found 
to be greatest for all colors at the fovea. It decreases rapidly for 
the first few degrees, then more gradually towards the periphery. 

2. Color sensitivity was found not to extend to the periphery 
for all wave-lengths. It ended for blue and green at points 
ranging from 30°-40° from the fovea. Beyond these points any 
increase in intensity served only to change the achromatic com- 
ponent of the sensation towards white. Yellow, on the other hand, 
was seen to the periphery in the nasal quadrants and as far as 
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80° in the temporal quadrants. Sensitivity to red extended to the 
extreme periphery in all quadrants. 

3. Great irregularity in the ratio of sensitivity to the different 
colors occurred from point to point in the same meridional 
quadrant and at corresponding points in the different quadrants. 

4. A marked decrease in sensitivity to blue was found at 4° 
from the center in all meridional quadrants. An increase in sensi- 
tivity to yellow was found at the same point. A photograph of 
the fundus shows a strong macular reflex at a corresponding 
distance from the fovea. The possibility of a greater density in 
the yellow pigmentation of the macula at this point is suggested 
in explanation of these results. 

5. A tendency was was found for the maximum chromatic 
sensitivity of the retina to wave-length to shift from the shorter 
to the longer wave-lengths in passing from the center to the 
periphery of the field. That is, from 0° to 10° or 15° the maxi- 
mum was in the green; from 10° or 15° to 30° or 40°, in the 
blue; from 30° or 40° to 70° or 80°, in the yellow; and from 
70° or 80° to the periphery, in the red. 


B. Achromatic Sensitivity. 


1. The lowest achromatic sensitivity to all wave-lengths was 
found at the fovea; the highest at points ranging from 30°-50° 
from the fovea, varying with the color and the quadrant investi- 
gated. From these points to the periphery there was a compara- 
tively small decrease in sensitivity. Within the first 5° of the 
fovea the increase was very rapid. The amount of this increase, 
averaged for the four quadrants investigated, was for the red, 
yellow, green and blue, respectively, 2.18, 12.52, 22.64 and 6.51 
times the central sensitivity. 

2. The retina was found to be most sensitive to green at every 
point investigated. The ranking as to sensitivity from highest 
to lowest was, in general, green, yellow, blue, red. Exceptions to 
this ranking were found at the fovea and at a point 5° from the 
fovea in the nasal quadrant. At these points the sensitivity to 
blue was greater than to yellow. 
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3. The point of maximum achromatic sensitivity for the 
stimuli used was at 40° in the nasal quadrant. At this point the 
value of the minimum visible for the green was 0.81 watts x 10-*. 


C. The Photochromatic Interval. 


1. With a dark-adapted eye a photochromatic interval was 
found for all the colors in all parts of the field. At the center 
the interval for red was very small. The ranking for the other 
colors from greatest to least was yellow, blue, green. At points 
1°—2° from the center, however, the ranking for red shifts from 
minimum to maximum. At the center of the field the values of 
the interval for red, yellow, green and blue were, respectively, 
0.039, 0.127, 0.043 and 0.065 watts x 10-™*. 

2. The interval was smallest at the center of the field for all of 
the stimuli used. The increase from center to periphery was very 
great for all the quadrants investigated, as might be expected 
from the rapid loss of chromatic sensitivity from center to 
periphery of the field and the comparatively small change in 
achromatic sensitivity. For red the values of the interval ranged 
from 0.039 watts x 107 at the center to 107.7-288.4 watts x 
10-*° at the periphery; for yellow, from 0.127 watts x 10-™ at 
the center to 35-77.87 watts x 10-** at the periphery; for green, 
from 0.043 watts x 107 at the center to 7.84-11.47 watts x 107 
at the periphery; and for blue, from 0.065 watts x 10-™ at the 
center to 1.03-2.16 watts x 10 at the periphery. 

3. The relation of magnitude of interval to wave-length varied 
irregularly from point to point in a given meridional quadrant 
and at corresponding points in the different quadrants. In gen- 
eral at the center of the field red was found to have the smallest 
value of interval; from 1°-10°, varying with the quadrant ex- 
amined, there was a shift to green; from 10°-30°, to blue; from 
30°-80°, to yellow; and from 80°-90°, back again to red. 

4. The ranking as to rapidity of increase in the size of the 
interval from center to periphery was from greatest to least, red, 
yellow, green and blue. | 
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III. Errect or STATE oF ADAPTATION OF THE EYE on 
CHROMATIC SENSITIVITY. 


1. The sensitivity of the dark-adapted eye to color was found 
to be far in excess of that of the light-adapted eye within a radius 
of 30° from the center. At the center it was from 7—40 times 
greater, depending upon the color, and from 10°-30° it was from 
3-50 times greater. Between 30° and 40° sensitivity to blue and 
green ends. The sensitivity to yellow and red remained slightly 
greater for the dark-adapted eye to 50°-60°. From these points 
to the periphery the sensitivity to red and yellow was approxi- 
mately the same for both states of adaptation. 

2. There was a marked difference in the rate of change of sensi- 
tivity to the different colors from center to periphery of the field 
in a given meridional quadrant for the two states of adaptation. 
For example, from 0°—10° the sensitivity to yellow under dark 
adaptation decreased from 50-80 per cent, depending upon the 
quadrant examined, with an average change of 70 per cent; under 
light adaptation the corresponding decrease was not more than 22 
per cent in any quadrant, with an average change of 10 per cent. 
The percentage decrease in sensitivity to yellow in this region was 
from 4-50 times greater for the dark than for the light-adapted 
eye; for red from 0-3 times greater; and for green 1-7 times 
greater. For blue from 0°-5° it was from 6-64 times greater. 
From 0°-10°, however, the percentage decrease was slightly 
greater for the light than for the dark-adapted eye in case of this 
color, as the result of a secondary peak of sensitivity which was 
found at eccentricity of 10° for the dark-adapted eye. 

3. The increase in sensitivity at the fovea of the dark as com- 
pared with the light-adapted eye was approximately 4 times 
greater for blue and green than for red and yellow. This rela- 
tionship holds to an eccentricity of 30° or 40°, where the sensi- 
tivity of the dark-adapted eye to blue and green ends. 

4. Variations in chromatic sensitivity in and about the macula 
were more clearly brought out with the dark than with the light- 
adapted eye. 

No significant attempt has been made to relate these results to 
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existing color theories. It may be pointed out, however, that 
irregularity of ratio of sensitivity from point to point in a given 
meridional quadrant and at corresponding points in the different 
quadrants, and an interlacing of the limits of color sensitivity 
are found to be typical of the pairs of colors rather than con- 
stancy of ratio from center to periphery and coincidence of 
limits, as has been claimed by some of the followers of the paired 
process theories; also that the irregularity of ratio of sensitivity 
from point to point in the same \meridional quadrant and at cor- 
responding points in the different quadrants makes the possibility 
of obtaining stable colors, i.¢., colors which remain the same in 
hue from center to periphery, to say the least, very remote. It 
is also interesting to note that while the ratios of sensitivity to 
the complementary colors vary widely from point to point from 
the center to the periphery of the field, the cancelling proportions 
of these colors have been found to remain constant, or nearly so. 

Irregularity and incompleteness of development of function 
are of course what might be expected in the peripheral retina from 
its conditions of use and the service which it is called upon to 
render. The actual picture, however, is very different from the 
traditional one drawn to the stale and pattern of theoretical and 
systematic thinking. What takes place theoretically is of com- 
paratively little importance, but it is extremely needful to know 
the actual situation for the practical applications which are found 
for the study and testing of the visual field. 
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